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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-132 _

RELATIONS BETWEEN MICROSTRUCTURE AND

CREEP-RUI_ PROPERTIES OF NICKEL-BASE ALLOYS AS

REVEALED BY OVERTEMPERATURE EXPOSURES

By John P. Rowe and J. W. Freeman

SUMMARY

An investigation was conducted to determine the effect of re-

peated brief overheats on the creep-rupture properties of nickel-

base alloys and then to correlate the associated structural effects

of the overheats with the observed property changes. Overheat

temperatures up to 2100°F from base temperatures of 1500 ° and 1600°F

were studied using M252 and Inconel 700 alloys. The overheats
were applied every five hours in the absence of stress. Between

overheats, the stress causing rupture in approximately 100 hours in

a normal rupture test at the base temperature was applied. The

number of overheats was varied from a few, up to as many as could
be applied before rupture.

The prolongation of rupture life of M252 at 1500°F as a result

of overheats to 1900 ° to 2100°F previously reported was verified

for another heat and extended for two heats to rupture tests at

1600°F. The damage from overheats to 1800°F previously reported
did not occur in the new heat. The rupture life of Inconel 700 at

1500 ° or 1600°F was unchanged by overheating to 1800°F and was re-

duced bN overheating to 2000°F or higher.

The increased rupture life of M252 was due to a reduction in

the rate of increase in creep rate with testing time as a result

of overheating to 1900°F or higher. The reduction in rupture life

of Inconel 700 was due to reduced ductility from overheats to

2000°F or higher. Creep resistance was not changed nor was the
ductility affected by overheats to 1800°F. A reduction in ductil-

ity for M252 had little effect on rupture time.

During exposure in normal tests at 1600°F, the measured size

of the Ni_(A1,Ti) precipitate (y') in both alloys increased and
the amount decreased. Due to the extremely rapid rate of solution

and reprecipitation, repeated brief overheats above the V' solution

temperature in both alloys prevented the agglomeration and decrease

in amount of V' . This resulted in increased creep resistance in

M252 but caused no change in Inconel 700.



Consideration of the geometry of Weertmants analysis of creep

in the presence of a dispersed phase demonstrated that, for the
volume fraction of _' in M2_2 alloy, changes occurring during ex-

posure at 1600°F in normal tests would be expected to cause a de-
crease in creep resistance. Thus the maintenance of a fine disper-

sion by overheating maintained creep resistance. For the larger
amount of _' in Inconel 700 the creep resistance would not be ex-

pected to depend strongly on the dispersion. The results confirmed
this indication, showing that neither the changes in dispersion dur-

ing normal tests nor the maintenance of a fine dispersion by over-
heating affected creep resistance.

Whether the measured decrease in amount of _' actually occurred
or was the result of an etching effect which gave erroneously large

particle sizes when the particles were small, could not be deter-
mined from the data. The data obtained, however, indicated that the

observed particle size and interparticle spacing correlated with the

creep rate.

Fracture of both alloys in rupture tests resulted from nuclea-
tion of microcracks at the interface between carbides in grain boun-

daries and the adjacent matrix and their subsequent growth. The MAC
carbides in M2_2 alloy were not changed by overheating due to thei_
solution temperature being above 2100°F and consequently the ductil-

ity was not changed. The M_CA carbides in Inconel 700 were dis-
solved and prevented from a_l_merating at grain boundaries by over-
heats to 2000°F or higher because the solution temperature of M_2C A
is below 1900°F. The resulting clean grain boundaries in Incon_ v

700 alloy overheated to these temperatures were subject to rapid
crack growth once a crack was nucleated so that ductility and rupture
life was reduced. To account for the behavior of the two alloys, it

is necessary to accept the fact that while carbides nucleate cracks
they also retard crack growth. The full explanation also includes
the effect of the strength of the adjacent matrix.

The clarification of the role of the dispersion and amount of y'

gives insight into the causes for the apparent insensitivity of many
nickel-base alloys to differences in aging treatments. Of particu-

lar significance is the indication that Weertman's treatment of dis-
location concepts applies to engineering materials. Also of sig-
nificance was the indication that the type of carbide in a material

is not so important as the response of the carbide to exposure con-
ditions.

The findings of this investigation should have wide general

applicability. The limitations which must be considered in specific
cases are discussed.
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INTRODUCTION

During elevated temperature service, alloys are frequently in-
advertently exposed briefly to temperatures above the normal opera-
ting temperatures. Such overheats can influence subsequent life at
normal conditions by introducing structural changes and, if stress
is present, by accelerating creep.

The response to overtemperature exposure of alloys for service
in aircraft gas turbines has been the subject of a continuing re-
search program at the University of Michigan sponsored by the
National Aeronautics and Space Administration, formerly the National
Advisory Committee for Aeronautics. These studies had demonstrated
that the structural changes induced by overheating can either In-
crease or decrease subsequent llfe. The effect depends on both the
type of alloy and the overheat conditions. The rupture life at
1500°F of both wrought (ref. l) and cast (ref. 2) cobalt-base alloys
was reduced by the structural changes induced by repeated brief
overheats. The loss in life increased with increasing temperature
and number of overheats due mainly to reduced creep resistance re-
sulting from acceleration of precipitation and agglomeration reactions.

Extension of the work to the nickel-base precipitation-hardened
alloy M252 (ref. 3) demonstrated that the rupture life was increased
by the structural changes resulting from repeated brief overheats to
temperatures above 1800°F from a base temperature of 1500°F. This
phenomenon was confirmed on several heats of the alloy and was shown
to result from increased creep resistance.

In these three investigations, the influence of stress during
the overheats was evaluated. The results demonstrated that effect
of stress could be evaluated using the "addibility-of-life-fractions"
rule. Summing the effects of temperature and the percentage of
rupture llfe used up during the overheats, gave close approxima-
tions to the experimental rupture times.

The investigation covered by this report was initiated to in-
clude studies at a base temperature of 1600°F and to determine if
other nickel-base alloys containing Al+Ti would be strengthened by
periodic overheating without stress. Another alloy of the same
metallurgical type, Inconel 700, was added to the program. Studies
were initiated to determine the metallurgical reasons why M252
alloy could be strengthened by overheating above 1800°F and to ex-
plain the response of Inconel 700 to overheating.

The overheat exposures were two minutes in duration and were
applied every five hours during the course of creep-rupture tests
which would normally have fractured in about 100 hours at 1500°
and 1600°F. The stress was removed during the overheats and re-
applied at the end of each overheat. Variations in the amount of
overheating applied were obtained by varying the number of cycles,
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always beginning from the start of the test. These conditions were
established by discussion of the problem with the NACA Subcommittee
on Heat-Reslstant Materials.

The investigation was carried out in the Chemical and Metallur-

gical Engineering Department of the University of Michigan College
of Engineering under the sponsorship and with the financial assist-
ance of the National Aeronautics and Space Administration. The
work was administered by the University Office of Research Adminis-

tration.

EXPERIMENTAL PROCE_JRES

The general procedure was to determine the effects of repeated,
brief overheats on the creep-rupture properties of the alloys in-

vestigated and then to relate these effects to the structural changes
associated with them.

Material

Two commercial heats of M252 alloy and one commercial heat of
Inconel 700 alloy were studied for the major portion of the investi-

gation. Limited studies were also undertaken on three laboratory
heats of modified M252 analysis. The chemical analyses of all
materials are given in table I.

Commercial Materials. - The two heats of M252 alloy included

in the study were available from previous studies. Both were vacuum
melted and supplied gratis for the investigation by their manufactur-
ers in the form of centerless ground 7/8-inch diameter bar stock.

To improve the uniformity of the material for testing, these bars
were rolled to 1/2-inch, round-corner, square bars, using the Univer-
sity of Michigan rolling mill. The rolling was done from 2150°F
using nine passes with one reheat. Two heat treatments were used
following rolling:

l) Solution treat 1 hour 2150°F, air cool, plus
Solution treat 4 hours 1950°F, air cool, plus

Age 15 hours 1400°F, air cool;

2) The same treatment as (1), omitting the 2150°F
solution treatment.

Details regarding the use of these treatments follow in the section
on results. Overheat testing was conducted with samples from both

of the heats of M252 alloy. However, the bulk of the microstruc-
tural investigation was conducted with heat 837.
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The Inconel 700 alloy used was alr-melted by the International

Nickel Company and provided through the Curtis- Wright Corporation,
Wright Aeronautical Division, in the form of 24-inch lengths of
ll/16-inch, round bar stock. At their request, this alloy was not
re-rolled prior to testing. It received the following standard heat
treatment after cutting into 12-inch lengths:

Solution treat 2 hours 2160°F, air cool;
Age 4 hours 1600°F, air cool.

Laborator_ Heats. - The three laboratory heats were melted in
the University oI_ Michigan vacuum-induction furnace. One of these

heats was nominally M252 alloy. The others were variations of the
M252 analysis; one had a 3.0-percent aim aluminum content, and the
other contained _.O-percent molybdenum. The heats were made in an

alumina crucible, using virgin melting stock as follows: electroly-
tic nickel, chromium, cobalt, and manganese; arc-melted molybdenum
chips; Ti55A titanium bar stock; 99.99-percent aluminum pig; 99.9-
percent silicon powder; and spectrographically pure carbon. Boron
was added to all heats as NiB, aiming for 20 ppm.

The resultant lO-pound ingots were 2.5-inches diameter by 7-
inches long. They were processed to bar stock with the University
of Michigan rolling mill as follows:

I) The ingots were heated for 1/2 hour at the rolling tem-
perature, 2150°F.

2) The ingots were rolled to 7/8-inch round-corner squares,
using 22 passes with 21 reheats. These bars were then
cooled to room temperature and cut in half.

3) The 7/8-inch bars were reheated to 2150°F, held for 1/2
hour and rolled to 1/2-inch round-corner squares, using
12 passes with two reheats.

This bar stock was then treated using the standard heat treat-
ment with the double solution treatment for M252 alloy as given
previously.

Creep-Rupture and Overheat Testing

The creep-rupture and overheat tests were carried out in con-

ventional beam loaded creep-rupture units using specimens with a
0.250-inch diameter and 1-inch gage length. These specimens were
machined from the center of the previously described bar stock so
that the rolling direction was parallel to the tension axis in all

cases. Time-elongation data were taken during the tests with a
modified Martens-type extensometer with a senslvity of 0.O0001 inch.
For all tests, the samples were placed in furnaces which were at



the test temperature and held for four hours before application of
the load. Temperature variation along the gage length was limited
to + 3°F.

All overheats were applied using a two-minute exposure to the
desired overheat temperature with the load removed from the sample.
These cycles were begun five hours following application of the
load and were repeated at five hour intervals until the desired
number of cycles was accumulated. The test was then allowed to con-
tinue at constant load and temperature untiS fracture.

Interrupted tests (those not permitted to fracture) were shut
off after the desired time in test and allowed to cool under load,
to provide specimens for study of microstructures at intermediate
times during the tests.

Heatin 6 Method. - For overheat tests, the conventional units
were modified to permit resistance heating of the specimens by pass-

ing direct current through the sample. A 400-ampere, direct-current
generator was used as a power supply. In order to avoid disturbing
the specimen during the test, insulated terminal blocks were fast-
ened to the frame of the unit, level with the top and bottom of the
furnace. From these terminals, short leads were fastened to the
top and bottom specimen holders before the test was started. Then,
for overheating, it was merely necessary to attach the power supply
leads to the terminal blocks, completing the circuit to the genera-
tor field switch. The top specimen holder was insulated from the
frame by means of a transite insert. The whole circuit was grounded
either through the beam or through an attached ground wire. A

photograph of a unit is shown as figure 1.

Temperature Measurement. - In order to follow the temperature
accurately during an overheat, a welding technique (ref. 4) was em-
ployed to attach a 22 gage Chromel-Alumel thermocouple to the speci-
men. An electronic recorder provided a continuous record of the

temperature. A schematic sketch of this arrangement is shown as

figure 2. Temperature measurement was complicated by two factors.
In order to follow the rapidly changing temperatures during an over-

heat cycle and effect accurate control, the thermocouple wires had
to be welded to the sample. This was done with a percusslon-type
welder. The welded attachment maintained contact between the thermo-

couple wires and the specimen as reduction in cross section occurred

by creep during the tests. In welding the thermocouple wires on the
specimen, however, any minute error in positioning either wire
caused the direct current from the generator to impress an electro-
motive force on the thermocouple circuit. This electromotive force

varied with the magnitude of the placement error and appeared on
the temperature recorder as a temperature effect. To avoid this,
two Alumel wires were employed, one deliberately placed on either
side of the single Chromel wire. By connecting these two Alumel
wires to the extremes of a variable resistance, the variable tap
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could be adjusted so that the two electromotive forces obtained
cancelled each other, leaving only the thermal electromotive force
impressed on the recorder.

Checks were made of the original calibration and the mainten-
ance of calibration of the thermocouples. The system used gave
accurate temperature measurements as installed. The overheats did
not change the calibration of the thermocouples by more than l°F,
for any of the temperatures used.

Procedure for Overheat C_cles. - After completion of a flve-hour
period under stress after load application, the following procedure
was used in performing an overheat:

1. The temperature was checked and an elongation reading made.
At this time, the generator and recorder were attached to the speci-
men.

2. The load was removed.

3. After a 60 second time lapse, during which the furnace input
was cut back and the thermocouple circuit checked, the heating
cycle was initiated by applying the maximum generator output of 400
amperes to the specimen. When the desired overheat temperature was

attained, the generator output was reduced to a value just suffi-
cient to maintain temperature.

4. At the end o£ the two minutes at temperature, the power
supply was shut off and the specimen allowed to cool. No forced

cooling was employed other than that supplied by having allowed
the furnace temperature to fall below the base temperature when the
input was reduced in step (3).

5. The load was reapplied when the test temperature fell to

within 10°F o£ the base temperature. Although the asymptotic ap-
proach of the test temperature to the level of the base temperature
introduced some variation in the length of time required to re-
establish this level, the samples cooled to 10°F above this level

in a reproducible time period. After the load was reapplied, the
furnace control was manipulated to bring the test on temperature as
soon as possible.

6. When temperature equilibrium was re-established at the base

temperature, elongation measurements were taken again and the test
continued for five hours until the next cycle. In plotting the time-
elongation data, this reading, after reapplication of the load, was
assumed to be at the same total deformation as the reading taken Just
prior to removal o£ the load at the beginning of the cycle.

This procedure resulted in reproducible temperature patterns
from cycle to cycle and between samples or creep-rupture units.



Typical time-temperature patterns for overheats to several of the
temperatures used are shown in figure 3.

Experimental Thermal Treatments

During the course of the investigation, various treatments were
employed for the purpose of studying the effect of temperature on
the structures of the alloys studied. The standard solution and
aging treatments used for the original stock have been previously
described. Those treatments which were specially designed to study
a specific, complex temperature history are described in the results
section as the effects associated with them are discussed. The
relatively simple treatments used in preparation of material for
structural studies are described in the following sections.

Determination of Solution Temperatures. - The samples used in
the de_ermlnatlon of" solution temperatures were thin sections cut

from heat-treated bar stock and split longitudinally. These pieces
were attached to a wire and placed beside the thermocouple slug in
the furnace. Since all treatments of this nature were at least

two hours in duration and the samples were small, the time measure-

ment began when the sample was placed in the furnace. At the end
of the desired time period, the samples were lifted by the attached
wires and rapidly quenched into an iced brine solution containing a
well-stirred mixture with excess ice and salt.

Exposure Studies at 1600°F. - Samples for the study of struc-
tural changes during exposure at 1600°F were prepared in the same
manner as those for the solution treating studies. In addition, a
sample with an attached thermocouple was placed in the furnace with
the specimens to indicate more exactly the time at which the aging
temperature was attained. When the desired time period had elapsed,
the samples were removed from the furnace and water quenched.

Hat dne ss

The diamond pyramid hardness (DPH) was measured under a 50-

kilogram load. Both diagonals of each of three impressions were
measured and the six measurements averaged. A statistical analysis
of this technique (ref. 5) had shown that in the range of 300-340

DPH, a hardness difference of 7 DPH was significant. This range of
significance increased to 9 DPH in the range from 3ho-hoo DPH.

Metallography

All metallographic samples were mechanically polished on wet
silicon carbide papers through 600 grit and then on wet cloths with
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Linde A and B powders. Etching followed the procedure developed

by Bigelow, Amy and Brockway, (ref. 6), using an etchant composed
of 12 parts phosphoric acid (85 percent), 47 parts sulfuric acid
(96 percent), and 41 parts nitric acid (70 percent). The etching

was done electrolytlcally at 6 volts and a current density of about
0.8 amperes per square inch. Samples for light microscopy were
etched for 5 to 7 seconds, while those for electron microscopy were
etched for 1 to 5 seconds, depending o_ the structure of the particu-

lar sample in question.

For electron microscopy, collodion replicas of the metallic

surface were used. These were shadowed with palladium to increase
the contrast and reveal surface contours. Polystyrene latex spheres
were placed on the replicas prior to shadowing to indicate the angle

and direction of shadowing and to provide an internal standard for
measurement of ma_aifications. Two sphere sizes were employed,
either 2580_ or 3_00_ in diameter. The micrographs presented are
direct prints from the original negatives; hence, the polystrene
spheres appear black and the shadows formed by the palladium appear
white.

Counting and Measuring Techniques

During the investigation, specific features of the microstruc-
tures were evaluated quantitatively for comparison between samples.
These included studies of the _' phase as well as measurements of

grain boundary phenomena. The results of these studies depended
strongly on the accuracy and reliability of the techniques employed.
The following sections of the report present in detail the methods
_hich were used to provide the measurements of the microstructural
features.

Measurements of the V' Phase. - The measurements of the V' phase

were made 1"r0m electron mlc'ro_rapas of the samples. The number of

particles, volume fraction of _, , particle size, and average inter-
particle spacing were measured. Although these data were used to
evaluate the behavior of the materials at 1600°F, the effect of
thermal expansion on the absolute magnitude of the variables was

neglected since it was only of the order of 1.5 percent.

The details of the procedures employed are presented in the
following sections.

Calculation of number of particles: The number of y' particles
was evaluated in terms of surface density. An area was counted at

Xll,000 large enough to contain at least 100 particles. The density
was then expressed as the number of particles per square inch at

Xll,O00.
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Volume fraction estimation by lineal analysis: The technique
of lineal analysis provides a convenient method for obtaining in-
formation regarding three-dimensional aspects of a solid from a
study of a two-dimensional section through its structure. Howard
and Cohen (ref. 7) have published a review of the method and its
application to metallurgical studies. The measurement of the
volume fraction of a sample which is occupied by a uniformly dis-
tributed phase proceeds as follows:

i) A random plane section is polished through the sample.

2) A series of straight line traverses is made across this
plane with a suitable means for observing the intersection of these
lines with the phase boundaries and measuring the length of the line
segments which pass over the phase in question.

3) The volume fraction occupied by the phase in question is
then equal to the sum of the llne segments so measured, divided by
the total length of traverse employed.

This method requires only that all measurements be made on the same
plane, that the phase distribution be uniform throughout the solid,
and that a sufficient number of intersections be measured to give
a random sample in the plane.

Lineal analysis has been applied to metallurgical studies
through the use of a microscope with a specially designed stage,
or by making measurements on photomicrographs of the samples in
question. Through the use of enlarged electron micrographs, the
method can be extended to the study of extremely small particles
of a second phase such as exist in the alloys of the present in-
vestigation. Enlargements of electron micrographs at Xll,O00 pro-
vided a total magnification of about XlO0,O00 in the present work.

In order to produce phase contrast prior to replication of
the metal surface for electron microscopy, an etch must be employed.
The etchant selectively attacks the matrix leaving the y, particles
in relief on the surface. As a result of the essentially spherical
shape of the particles throughout the reaction times studied, this
etching will introduce an error in the measurements. When the
depth of etching becomes large relative to the particle size, the
extent of this error becomes significant.

The cause of this error is demonstrated in figure 2, which
shows a spherical particle sectioned and polished through its
center. After etching, the plane of the surrounding matrix on
which measurements must be made is below the plane of polish in the
particle. In viewing this particle for measurement, the original
plane of polish will appear to represent the circle of contact with
the matrix, while the actual contact circle is smaller. Measurements
which include this particle will, therefore, give results which are
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larger than they should be. The extent of the error will depend
on the depth of etching. While the foregoing discussion has con-
sidered only the case of a particle sectioned and polished through
its center, similar errors will result whenever the etching leaves
a particle protruding in such a way that the contact circle with
the etched matrix is hidden beneath a larger circle above it.

The objective of the following discussion and calculations
is to provide a quantitative measure of these errors which can then
be employed to correct for the errors in actual data.

In applying the techniques of lineal analysis to a system in
_Ich particle size is extremely small, certain assumptions are
necessary regarding the preparation of the samples and micrographs
from which the actual measurements will be taken. These will be
discussed briefly.

i) Etching - Several requirements must be met by an acceptable
etch. It must selectively attack the matrix around each particle,
removing it completely without affecting the size or shape of the
precipitate particle. The plane of etching must remain flat so
that particles remain attached to the surface until their contact
with the surface has been reduced to a point. Implicit in these
requirements is the absence of any strain fields or concentration
gradients near the particles which might promote uneven etching in
these areas. In addition, the etch must reveal particles which
are barely exposed during etching. The resolving power of the
microscope employed will introduce a limit here as well. A
rigorous treatment thus requires infinite resolving power from the
microscope.

The degree of approach to these rather severe requirements in
the present study is difficult to determine. The etchant employed
did leave the _' particles standing while removing the matrix
around them. Variations in etching time did not result in an observ-
able change in the appearance of the particles. Examination of
several samples representing a wide range of particle sizes using
an interference microscope did not reveal any measurable uueveness
of the surface. Whether particles are removed by etching before
their contact with the matrix has been reduced to a point, and
whether the etch will reveal the tops of barely exposed particles
cannot be determined. The limit of resolving power of the micro-
scope will certainly make impossible the detection of the smallest
sections. These limitations of the method are those with which
the investigator must live. Their nature is such that the errors
in absolute values which they engender will be proportionally
greater as the size of the particles decreases.

2) Random sample - A primary requirement for any analytical
technique is that the sample examined be truly representative of
the universe under study. In the present study, the distribution
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of V' throughout the matrix must thus be homogeneous. This homo-
geneity must hold for the extremely small samples which are studied
with electron micrographic methods. A study was made on several
samples by repeated replication with intermediate re-polishing and
etching. This study demonstrated that the reproducibility of the
value of the measured variable was better than 5 percent.

The calculatlons to follow have been made assuming all of the
above idealized conditions. An additional assumption is necessary
for these calculations which is not required for the application
of the basic technique. In any sample, a distribution of particle
sizes will exist. In computing the error in measurement, a single
particle size will be assumed. This assumption will have the effect
of overestimating the magnitude of the error for larger particles
and underestimating the error for smaller particles. These inaccura-
cies are, therefore, largely self-compensating. The calculations
will thus proceed under the assumption of spherical particles of
uniform size.

For calculation, let: R = radius of the particles

e = depth of etching (measured from
plane of polish)

d = distance from the center of a

sphere along the normal to any
plane intersecting the sphere.

a = radius of the circle of inter-

section between the sphere and

any plane.

In a polished sample containlng a statistically infinite number of
randomly dispersed particles, there will be found particles which

are sectioned so that all values of d from zero to R are equally
likely. Then for an etching depth, _, the particle_ fall into four

groups (fig. 5) on the basis of the Tocation of the polish plane
relative to their centers:

(1) Case A - All planes whose d values fall between the dis-

tances e and R above the sphere cen_er after polishing. After etch-
ing, thS true-contact area for these particles will still be seen

and measurements from them will not contain any error.

(2) Case B - All planes whose d values were less than the dis-

tance e above the center of the sphSre after polishing. The etch-
ing fo_ these particles will take the etch plane below the center
of the sphere so that a great circle will be observed in every case
in this group, rather than the smaller, true contact area.
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(3) Case C - All planes between the center of the sphere and
the distance R-e below the center after polishing. These particles
will have a Sm--_ler contact area after etching than their original

area in the polished plane, although the area in the polished
plane will continue to appear.

(4) Case D - All planes farther than a distance R-e below the
center of the sphere. These particles will be remove_F'_y etching.
The random dispersion of the system will result in the exposure of

the top of another particle for each one removed. The distribu-
tion of contact areas in this group of newly exposed particles will
thus be identical to that in the original group before etching and
no error will enter from this group.

In order to correct for the error made on measurement of an

actual micrograph, it will be necessary to compute the average value
for the radii of the circles of intersection in each of the four

_roups above, before and after etching. These average values can
then be used with the known relative frequencies of occurrence to

compute a correction factor.

The calculation of the average radius in each of the above
intervals of interest can be made using the following general ap-

proach, applied, in this instance, to the limiting case for the
average value of the radius of the circles sectioned by polishing,
before any etching. For every sphere sectioned a given distance
above its center, there will be a sphere sectioned at the same
distance below its center. Thus, only those sectioned on one side
of their centers need be considered. The remaining group will have
an identical average. Using the previously defined variables, the
calculation is as follows (fig. 6).

The values of d_.can range from 0 to R for this case. Dividing

this interval into _ sub-intervals, l_he f_llowing definitions are
made:

n i = number of planes in ith sub-lnterval

ai = average radius of the circle intersection in the ith
sub-interval

di = average value of d in the ith sub-interval

If N = total number of planes observed,

J
ni = _ = An and E n i = N

i=l
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The average value for _ in the entire group is then given by:

i J
_=_ n.a.

• 1 1
1=1

But a. = _ R 2 -d. 21
1 1

R n
andd. = i . - R

i j N

J 2 n2R2
Then E = lim Z _ --7- /kn

j--_ oo i=l N

zl

R 1 n dn

and _ = _ N2

Integrating and substituting limits, we then have:

Using this mathematical method, the average value for a can be com-

puted in each of the groups of interest. These will be outlined in

their order of increasing complexity using the general formula:

_R 2 21_ 1 - d. dn

a=N i

I - Those planes in interval B on figure 5.

d values range from 0 to e. Thus --

i n
d. =.-- e = e

For these planes,

JR 22J
Then _ = _ 2 e 2n dn

N
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Integrating and substituting limits, we have:

1a 2 R2 21 RZ= -- -e + -- sin 1 e

For unit value of R, this becomes:

)-- i 2.1 I -i

a I =_ -e +- sin ee

II - Those planes in interval C on figure 5.

d in this group ranges from 0 to R-S. Thus

The value for

d. n
I = N (R-e) and

-- 1

a2 =
_JRZ 2 I

- _-_ (R-e) 2 dn

-- !
Then a_ = Yz

[ JZRe_e 2 1 R 2
+ --R-e sin-I (___)]R-e

For unit value of R:

1 -I
-- 1 [_+ l_eaz : 7 -- sin (l-e) ] [ _2 ]

III - Next, consider those planes which were in group C of
figure 5 before etching. After etching, the values for d wTll all
be increased by an amount e.

15



I

For this case _3 =

n

After integrating this case:

-- = __i R2 [ _r 1 e _ - e2J
a3 2(R-e) _ - sin- (_) ] - e R 2

-- 1 Ir -I _-e
For R = I, a3 = 2(l.-e) (: - sin e - e ) [ _3 ]

IV - Finally, consider those planes in group D of figure _.

These planes have d values ranging from R-e to R. --For this group,

ne

di = (R-e) +--N-, and

N

-- 1 Of _ _(____ dn
a4 = N R 2 ne + R-e) 21

-- NJ 21 R2'rrR 2 (R-e) 2Re - e
a4 = 4e 2e 2e

For unit R:

- I [a4 - 2e _ -(l-e) -sin I

sin- i (RR__

(l-e) ] [ _4 ]

These equations cover the case where the etching depth does

not exceed the particle radius (e _ R). When the depth of etching

exceeds the length of the radiusT the--error remains constant at the

value obtained for e = R. That is, for e > R, one half of the

particles will be vTeweS correctly, whilS thS other half will be

measured on great circles rather than the correct contact area.

To apply a correction to a single number which is the algebraic

sum of several other numbers, each one of which has a distinct and

separate error, the following correction factor is defined:

true value
i

correction factor = m-easured value
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If three values, al, a2, a3 appear at frequency fl' f2' f3' and

if their true values are tl, t2, t3,

correction factor =
fltl + f2t2 + fst3

flal + f2a2 + f3t3

This reasoning can apply for any number of variables. Using the
groups of figure 5, the following summary indicates the values for
computation of a correction factor to apply to the measured data:

Case Measured _ True

A

B R _i

c

Fraction of
Total Observations

a-e

2R

e

2R

a-e

2R

e

2R

Up to this point, all calculations have been based on the radii
of the circles in the polished and etched planes. In lineal analysis,

however, measurements are made based on the chords intercepted by a
random line through the above described array of circles. Tbe error
in each of the above groups will, therefore, be found by comparing
the sum of all possible chord length_ in the measured and in the

true circles. This sum, when integrated to include all chords, will
represent the area of the circle in question, which is proportional
tp the square of its radius. In evaluating the correction factor,
each of the _ te_ms must, therefore, be squared whenever it appears.

The correction factor can then be written for R = l:

Correction factor =

o e()2
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Having set R = i above, is equivalent to evaluating the ratio
of e for each case. That is, e in the above equation must be based

R

on unit value for the radius of the spheres• The evaluation of the
correction factor is thus plotted on figure 7 as a function of e .

R

The values range from 1.0 when no etching has been applied, to a
value of 0.764 when the etching depth equals or exceeds the particle

radius. This value results from the value for a of mR as previously
- 4

evaluated for e R. In this case, the correction factor becomes (for

R_= i):

1 "n")2 1 'n")2(_ + _ (_
= 0.764

1 (1)2 1 ._- 2.2 + 2 (_)

To apply the correction factor to a measured value, the ratio
of the etching depth to the particle radius must be estimated. This
was done'by measuring the angle of shadowing and employing this to
measure the average etching depth for each sample. The average

particle radius was then estimated by measuring the largest particles
on the plate From these measurements, the correction could be read

• I

from figure 7 and applied to the measured value for the amount of ¥ .
These corrected values are the ones tabulated in table IV.

Calculation of average particle size: Using the data giving the
volume fraction of precipitate in each structure, together with counts
of the surface density of ¥' particles (number per unit area on a

given plane), the average particle diameter can be computed. For this
calculation, let:

h = diameter of average particle

n = surface density of ¥' particles, measured as the
number of particles per square inch at Xll,O00

f = the corrected volume fraction of precipitate in

the sample = area fraction on any plane

Ap = area of the circle of intersection of the section-
ing plane with the average particle

Then:

D = diameter of a circle of area A
P

n p 4

2 4Ap
D =

p "/1"
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During the foregoing calculation of the correction factor for volume
fraction measurements, the diameter of the average circle in the
plane of sectioning after correction was shown to equal _ times the

diameter of the spheres from which thA sections were cut Y

Therefore, h = 4 D 4 j_-_
p =

A f
But p =

n

Thu s h __ --

,_" n n

These values for h are in terms of inches on the mlcrographs at

Xll,000 from whlc_ n was measured. To convert to angstrom unitshin
the actual sample, _hese numbers must be multiplied by 2.31 x lO _.

Then to convert directly from the measured variables:

h = 33,200 A
n

Calculation of Inter-particle spacing: Having established the

amount of precipitate and the average particle size in the preceding
sections, there is clearly a unique value for the average distance
between particles. That is, there is a relationship between the
volume fraction of precipitate, average particle size, and average
distance between particles such that, for a given value of volume
fraction, fixing either of the two remaining variables automatically
fixes the value of the other. Thus, the values for inter-particle
spacing, k , can be computed from the values for volume fraction, f,
and particle size, h, derived in the previous sections.

The basis for the calculation was provided by assuming that the
dispersion of V' spheres would approximate the face-centered cubic
arrangement, which is the most efficient way to pack spheres in a
volume. Using this arrangement, about 74 percent of the total volume
of the solid can be filled by the spheres. This limiting value is
attained when the spheres touch across the diagonal of one of the
faces of a unit cell of the face-centered array.

In computing the average distance between particles, the average
of the two distances of 21osest approach was taken. The calculation
was made using the following variables as defined by figure 8 which
represents one face of a face-centered cubic unit cell:

S = distance between particle centers along the edge of the face
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h = diameter of spheres

k = distance between the edges of particles along the face edge
s

= distance between the edges of particles along the face diagonalk d

f = volume fraction of unit cell filled by spheres.

k = average distance between particles based on a weighted average
of k and k

s d"

The following relations among these variables can be written on

purely geometrical considerations:

k = S-h
S

kd = --_-- - h

4 x volume of one sphere 41rh 3

f = volume of unit cell =

From the expression for f,

In a face-centered array, each sphere will be surrounded by twelve

nearest neighbors which are a distance k a away, and six neighbors

which are a distance ks away. The average value of the distance be-
tween spheres on this Basis then becomes:

lZkd + 6ks Zkd + Xs
)k =

a 18 3

Substituting the values of k d and k
reduces to:

1 + %r'Z
k = S-h

a 3

defined above the value for k aS

Then by substituting the relation for S above:

k = - 1 h
a 3
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This equation thus defines the relation between the average
inter-particle spacing and the particle size as a function of the

volume fraction occupied by the spheres. This relationship (as

sho_m in figure 41a) was then used to compute k a from the pre-

viously determined values of f and h. As shovm in figure 41a,
the limiting value for this relation occurs at a value of f, of

about 74 percent which is reached when kd reaches zero. The value

of k is at its minimum at this point. 1_encc, the value of k
S a

remains finite and the curve of ka/h versus f reaches its limit

at a value for ka/h greater than zero.

The results of the calculations for k based on the above re-
a

lation are included in table IV. Throughout the text and in this
table, this value will be referred to simply as k, and is defined
as average Inter-particle spacing.

Studies of Grain Boundary Phenomena. - Measurements of grain
boundary phenomena were made at X1000 with the light microscope,
using an oll immersion lens. These included the number of micro-
cracks and the number of "depleted grain boundaries." An area of

0.002 square inches was surveyed in four strips 0.0025 by 0.2
inches. These strips were parallel to the specimen axis and at the
center of the reduced section in samples from interrupted tests.

Measurements on completed test samples were taken on the section
adjacent to the fracture. A "depleted grain boundary" was counted
when a clear white strip of matrix, free of ¥' particles, was

clearly seen along a grain boundary. Microcracks, greater than 1
micron in length, were counted; these were easily distinguished
from other features of the structure due to their complete blackness.
Each distinct microcrack was counted.

X-Ray Diffraction

Identification of carbides was made by extraction of the par-
ticles in a solution of methanol and bromine. A sigma phase in
laboratory heat 1172 was extracted with hot aqua-regia. The ex-
tracts were washed, dried and placed in a glass capillary. A
standard powder camera was then used to obtain patterns from the
extracts using filtered Cu radiation with a l0 hour exposure.
Analysis of these patterns by comparison with standard patterns
then completed the phase identification.
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PHENOMENOLOGICALEFFECTSOF OVERHEATING

A previous report (ref. 3) had presented the results of over-
heating M252 alloy from a base temperature of 1500°F. For the
present investigation, this was extended to include a base temper-
ature of 1600°F. Another alloy of a similar metallurgical type,
Inconel 700, was added to the program and the effects of overheating
from both 1500 ° and 1600°F determined. The effects of overheating

were determined by the changes in rupture time under the stress
normally causing rupture in 100 hours.

The overheat temperature for M252 alloy covered the range of
1650 ° to 2000°F for the base temperature of 1500°F, and the range
of 1800 @ to 2100°F using the base temperature of 1600@F. Inconel
700 alloy was studied with overheat temperatures ranging from 1800 °
to 2200°F. The number of applied overheats varied from as few as

three, to as many as could be applied at five-hour intervals during
the life of the test specimen. The load was removed during the
overheat exposures to avoid the influence of accelerated creep due
to the presence of stress.

The test data (tables II and III) are summarized in the
following sections. The data from normal, constant-temperature
tests are presented to define the base properties of the materials.
The changes in rupture time, rupture elongation, and creep resis-
tance which resulted from overheating, are then defined by compari-
son with the base properties. These data thus indicate the property

changes which were caused by thestructural changes induced by over-
heating.

M252 Alloy

The rupture time data from the normal, constant-temperature,
creep-rupture tests on the two heats of M252 alloy (fig. 9) in-
dicated that the strength level of these two heats was typical
for the alloy. On the basis of limited testing, the following
stresses were selected for the base testing conditions to cause
rupture in about 100 hours. Further testing defined the actual

rupture time ranges indicated by the dashed curves of figure 9
and included in the following tabulation. These ranges then formed

the criterion by which significant changes in rupture time from

overheating were determined.
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Temperature Stress Rupture Time
HeaRt .... (_F) (psi,) (honrs) ,

837 1600 18,000 72-97
HT-28 1600 20,000 (109-112)*

837 1500 33,000 68-86
HT-28 1500 34,000 65-105

_Based on two tests

The bars on which the data were taken for heat HT-28 at a base

temperature of 1500°F (ref. 3) were heat treated as follows:

(a) Heated 4 hours at 1950°F and air cooled;

(b) Heated 15 hours at 1400°F and air cooled.

The above treatment was standard for M252 alloy at the time when
these data were taken.

The tests on heat HT-28 at 1600°F and on heat 837 at both

base temperatures were from material with the following treatment,
which became accepted since the data of reference 3 were taken:

(a) Heated 1 hour at 2150°F, air cooled;

(b) Heated 4 hours at 1950°F, air cooled;

(c) Heated 15 hours at 1400°F, air cooled.

The elongation and reduction of area (table II) were high
and within the expected degree of reproducibility. Creep curves for
the normal rupture tests at the stresses used in the overheat tests
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(figures 10a, ii, 12 and 13) showed that in all cases the creep rate
increased from the start of the test, and that a large portion of the
elongation was accumulated during the final few hours of testing.
The creep curves exhibited normal agreement between tests and were
highly reproducible for heat 837 at 1600°F.

Typical microstructures are shown (fig. 14) for both heats in the
heat treated condition and after rupture testing at 1600°F.

The effects of the repeated overheating on the creep-rupture pro-
perties of M252 alloy can be summarized as follows:

(1) A sufficient number of overheats to 1900° and 2000°F from
the base temperature of 1500°F, and overheats to 2000° and 2100°F
from a base temperature of 1600°F, resulted in significantly increased
rupture time (fig. 15) for both heats. From 5 to I0 cycles of over-
heating, applied from the start of the tests, were necessary to increase
the rupture time to the point where it was definitely beyond the range
for the normal tests. Overheats to 1800°F from either 1%00° or 1600°F

did not significantly affect the rupture time of heat 837. When heat
HT-28 was overheated to 1800°F from 1600°F, the rupture time was
reduced slightly. Overheats on heat HT-28 to 1650 ° or 1800°F from

1500°F resulted in times slightly below the range for normal tests.

(2) Elongation and reduction of area were reduced by overheat-
ing (fig. 16 and table II). Overheating to 1650 ° or 1800°F was

generally more damaging to ductility than overheating to the higher
temperatures. In addition, tests at the base temperature of lS00°F
suffered greater ductility losses for a given overheat condition than
those at 1600°F. Several overheats again were necessary before the

loss was sufficient to bring the elongation values below the range
of normal tests.

(3) Overheating to 1900 °, 2000 ° , or 2100°F reduced the rate of

increase in creep rate (figs. 10-13) below that of normal tests.
Overheats to 1650 ° or 1800°F accelerated creep for heat HT-28 (figs.

12 and 13), while overheats to 1800°F had little effect on heat 837
(figs. 10b and 10c). When the overheats were discontinued before
rupture occured, the creep rate showed no sudden change. It gradual-
ly increased to the relatively high creep rate characteristic of the
alloy during the final hours of testing prior to fracture.

For M252 alloy, overheats altered rupture time by changing
creep resistance. Overheats to 1800°F slightly reduced rupture time
for the heat in which it reduced creep resistance slightly. In all

cases, overheats to 1900°F or higher increased rupture time by in-

creasing creep resistance. The reduction in elongation as a result
of overheats had no significant effect on rupture time because the

specimens simply fractured with less elongation during the last few
hours of the tests when the creep rate was extremely fast.
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Inconel 700 Alloy

The results of the normal creep-rupture tests for the Inconel 700
material (table III) are plotted as figure 17. It was originally
estimated on the basis of limited data that the following stresses
would cause rupture in about I00 hours:

1600°F 29,000 psi

1500@F 43,000 psi

These stresses were those selected for the overheat tests. Subsequent
testing at these stresses disclosed a wide scatter in rupture times
(fig. 17). Analysis of the data of table III and of the creep curves
from tests at 1600°F (fig. 18a) showed that specimens from an individ-
ual bar of stock exhibited similar properties. The scatter was due to
variations in the properties between bars of stock supplied.

It was noted that those specimens with the longest rupture time
also had the highest elongation. Thus, there was a correlation between
rupture time and elongation (fig. 19).

The creep curves at 1600°F (fig. 18a) showed that the Inconel 700
exhibited a brief period of decreasing creep rate followed by a period
of essentially constant creep rate. The time period at which the
creep rate increased varied to a considerable extent between bars.

Those which required the longest time for an increase in the creep
rate also had the highest elongation. During the period of decreasing
and constant creep rate, there was no significant difference between
specimens from the different bars. The essential difference causing
the variation in rupture time was the time at which creep rate in-
creased and the amount of subsequent elongation before fracture. The
behavior in normal creep-rupture tests at 1500°F was similar to that
at 1600°F. (fig. 20).

Typical microstructures (fig. 21) are shown for material as
heat treated and after rupture testing at 1600°F. No significant
differences were observed to account for the variations in creep-

rupture properties. There were some differences in grain size which
did not correlate with the properties. The only exception was the

abnormally high elongation of samples from bar 50 associated with a
smaller than average grain size.

Because the creep-rupture characteristics were only reproducible
between specimens from the same bar, it was necessary to evaluate
the effects of overheating in terms of the normal properties of each
bar. This was not recognized until a good deal of testing had been

completed. Consequently, there are many results from overheat tests
in table III where the normal properties are not available for the

bar from which the specimens were taken. This type of data was
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available for most of the specimens overheated from 1600°F. At
1500°F, however, normal test data were not available for all of the
bars which provided specimens for overheat testing. Normal rupture
tests (table Ill) had been conducted at both 1500° and 1600°F for
three other bars. In addition there were test results at 1600°F
available for the bars from which the specimens were taken for
overheat tests at 1500°F. The rupture times for the three bars
tested at both 1500° and 1600°F were plotted as a function of test
temperature. The values for the tests at 1600°F for bars used for
overheat tests at 1500OF were then plotted at 1600°F and extrapolated

to 1500OF parallel to the three known curves. This resulted in
estimated values of normal rupture time at 1500°F for each bar used
for overheat tests at 1500OF and an estimate of the range in times
between bars at 1500°F. These estimated values appear in table III

on figure 22.

The influence of overheating on Inconel 700 alloy from 1600°F
was as follows:

(I) The rupture times at 1600OF were generally unchanged from
that of the normal test by overheats to 1800OF (fig. 22). Overheats
to 2000 ° , 21000, or 2200°F caused a reduction in nearly every case.

The rupture time of each overheated specimen is compared to that
from a normal test on a specimen from the same bar as that used for
the overheat test. Apparently from 3 to 5 overheats had to be applied
before the reduction in rupture time was large enough to be signifi-
cant. The extent of reduction in rupture time appeared to be about

the same for all three of the higher overheat temperatures. The
higher temperature overheats also possibly reduced rupture life at

1500°F more than at 1600°F.

(2) The elongation at fracture (fig. 23 and table Ill) was re-

duced by overheats to 2000OF and higher, but was unaffected by over-
heats to 1800OF. The elongation values from the tests overheated from

1600OF are plotted on figure 19 against the time for rupture, together
with the data from the normal rupture tests. These extend the corre-

lation to shorter rupture time and lower elongation and demonstrate
that elongation also correlated with rupture time for overheated tests.
There were not sufficient normal tests at 1500OF on specimens from
the same bars as those used for overheat tests. Such data as were avail-

able indicated that overheating affected ductility at 1500°F the same
as it did at 1600°F.

(3) Creep resistance (fig. 18) was unaffected by overheats to
temperatures over the entire range of temperatures used in the investi-

gation. When the overheat temperatures were 2000°F and higher, the
creep curves show that rapid creep to fracture started at shorter
time periods and fracture occurred with reduced elongation during this
period. The larger the number of overheats, the shorter the time at
which deviation followed by rapid failure occurred. These character-
istics are most evident in figures 18b through 18i, which compare
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creep curves for specimens from individual bars. The data for tests
overheated from 1500°F were not as conclusive due to the lack of
comparative normal creep data for specimens from a given bar. The
available data (fig. 20) indicated that the effects of overheating
on creep were similar to those for 1600°F.

In the case of Inconel 700, overheating to 1800°F dld not change
creep resistance or ductility. Consequently, it did not change
rupture time. When the overheat temperatures were 2000°F or higher,
rupture time was reduced because the ductility was reduced. There
was no effect on creep resistance up to the point where fracture
occurred.

METALLURGICALCAUSESOF OVERHEATPHENOMENA

The influence of overheating on rupture life must have been due
to the effects of overheating on the mlcrostructural features con-
trolling creep resistance and elongation. The data outlined in the
previous section further showed that the response of M252 to over-
heating depended primarily on the effect on creep resistance, while
it depended on the influence on ductility for Inconel 700, although
they were both nickel-base alloys primarily strenghtened by V ' pre-
cipitates. The microstructures of the two alloys were, therefore,
studied to provide an explanation of the influence of overheating
on creep-rupture properties and to determine why the two responded
differently.

The V, precipitate was studied in its relation to creep resist-
ance. The processes leading to fracture, particularly the struc-
tural changes at the grain boundaries were related to the ductility.

To keep the work within practical limits, these studies were
limited to samples from tests at the normal base temperature of
1600°F, and in the case of M252 alloy, largely to heat 837. These
limitations were justified since overheating had the same qualitative
effect on creep-rupture properties at base temperatures of 1500° or
1600°F, and in the case of the M252, for both heats.

Limited data were obtained concerning the influence of chemical
composition on various aspects of the structural features.

Microstructural Features and Creep Resistance

The creep resistance of nickel-base alloys alloyed with Al+Ti
depends primarily on the precipitation of y '. The state of the V t
was, therefore, studied for both the M252 and Inconel 700 alloys.
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Chan_es in V ' Durin_ Exposure at 1600°F. - The V ' in the matrix
of both alloys _as i_ the-for_ o£ _mall spheroidal particles (figs. 2_
and 25), the number, size, and spacing of which depended on the times
of exposure at 1600°F. Using samples given the standard heat treatment
for the alloys, the state of the V' was measured as a function of ex-
posure time at 1600°F for time periods up to 200 hours. Measurements
were made from electron mlcrographs of the samples using the techniques
described in the Procedures Section. These measurements (table IV)
show that after any given time of exposure to 1600°F, Inconel 700 con-
tained a larger amount of V ' than did the M252 as would be expected
from its higher Al+Ti content. These data show the following effects
of increasing time of exposure to 1600°F on the V' in either of the
alloys:

(I) The size of they' particles increased (fig. 26);

(2) The number of particles decreased (fig. 27);

(3) The spacing between particles increased (fig. 28);

(h) The measured volume of V' decreased (fig. 29).

For M252 alloy, the V I particles could not be resolved after the
standard heat treatment (solution treat plus age 16 hours at 1400°F).
about one hour at 1600°F was required for the particles to grow to a
ueasurable size. For Inconel 700 alloy the standard heat treatment
_ncluded aging at 1600°F so that the V ' particles could be measured
Ln this condition. During the first few hours of exposure to 1600°F,

e V' particle size in M252 grew rapidly to that in Inconel 700 and
_oth alloys had similar size particles for most of the exposure periods.

All of the observed changes would be expected for the precipi-
tation and growth of particles of a compound, except for the apparent
decrease in volume. This is unusual for a precipitation process
since the volume of precipitate would normally be expected to in-
crease if it changed at all.

In order to establish that the measured changes in V ' were repre-
sentative of the structural changes which occurred during rupture
testing at 1600°F, a group of samples from both interrupted and com-
pleted rupture tests were examined. The presence of stress did not
affect the general response of the _ ' precipitation reaction (table
IV and figs. 28-29). For Inconel 700 alloy, there were no signifi-
cant differences in the V ' between the rupture test samples and
those exposed without stress for the same time period. The measure-
ments on samples from the rupture tests on M252 alloy, although
showing the same trends in response, indicated the presence of slightly
greater amounts of V ' than the samples heated without stress for the
same time period. A sample exposed without stress for 50 hours in a
rupture unit indicated (table IV) that this arose from the slower
cooling rate from the test temperature in the rupture units than was
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used for the small water-quenched samples. This effect in M252
alloy and the lack of a similar effect in Inconel 700 alloy will
be discussed in detail later.

For both alloys, all of the changes in structure observed to
occur with increasing time of exposure at 1600°F would usually be
expected to lead to a decrease in creep resistance with time during
tests at 1600°F. For M252 alloy, such was the case: the creep
rate increased from the start of the tests (fig. lO). Tests on
Inconel 700, however, (fig. 18a) exhibited a definite period of
decreasing creep rate followed by a period of nearly constant creep
rate so that the normal relation between a precipitate and creep
resistance did not hold for this alloy. Following the period of
constant-rate creep, the creep rate of Inconel 700 samples in-
creased quite rapidly leading to fracture.

Considerable variation was noted between specimens from dif-
ferent bars in the time at which acceleration of creep occurred.
Data from samples of bar 15 and bar 20 (table IV) showed, however,
that there was no difference between these bars in the rate at

!

which the state of the y changed with increasing time of exposure
at 1600°F, although a test from bar 20 showed accelerated creep
much earlier than one from bar 15. Thus, there was necessarily a
difference in the state of the y' in these two bars at the time
that accelerated creep began, so that the y' could not have con-

trolled the time at which the acceleration of creep took place.

Thus, although the same type of changes in the y' were noted
in both alloys during exposure at 1600°F, they did not appear to
be equally related to the creep characteristics in normal creep-
rupture tests.

Effect of Overheatin_ on the y' precipitate. - Examination of
the structures of samples from both alloys which had either been
interrupted immediately follo_ing an overheat, or fractured soon
after an overheat (figs. 30, 31, and 32), demonstrated that, for
both alloys, overheats to 2000 ° or 21OO°F resulted in a fine dis-
persion of small particles. The dispersion and apparent amount of
Y' was about the same as that obtained during the first 2 to lO
hours of constant temperature exposure to 16OO°F. Thus, since no

net structural changes resulted throughout the period of application
of the overheats, these data indicated that each overheat to these
temperatures was effective in arresting the agglomeration and
apparent decrease in amount of Y' which had taken place during the
preceding 5 hours at 16OO°F.

When samples were allowed to continue at 16OO°F after a limited
number of overheats to 2000 ° or 2100°F, the size and spacing of the
¥' particles increased. At the same time, the number of particles
and the apparent volume fraction of Y' decreased.

29



Overheats to 1800°F yielded a structure with a mixed particle
size for both alloys. As a result, the average size and spacing of
the precipitates could not be calculated. The apparent volume frac-
tion of ¥ ', as measured from such samples, however, was not signifi-

cantly different from that in normal tests after the same amount of
time at 1600°F (table IV). Since the creep resistance was not measurably

changed by overheats to 1800°F, the effective particle size and dis-
persion were apparently similar on the average to those in the normal
tests.

Relation Between V , Solution Temperature and Effects of Overheat-

ing. - Published data (ref. 8) suggested that the temperatures of over-
heating which maintained the fine dispersion and large apparent amounts
of precipitate were above the equilibrium SOAution temperature for the
V'. They further suggested that the solution temperature for V ' was
near 1800°F in M252 and above 1800°F in Inconel 700. To confirm these

indications, the solution temperature under near-equilibrium condi-
tions was determined for both M252 and Inconel 700. In addition, the

solution temperatures were established for heat HT-28 of M252 and for
three experimental alloys produced for the present investigation.
Small samples were heated for four hours to a series of temperatures
spanning the expected solution temperature and quenched in iced-brine.
In this way, based on both the disappearance of the original V t
particles and a drop in hardness, the solution temperature was deter-
mined to within 25°F. Data from M252 (heat 837) and Inconel 700 alloys

are included (figs. 33, 34, and 35) to demonstrate these effects. Both
the micrographs and the hardness values taken from samples heated above
the solution temperature for the V, indicate that the severe quench
used on the small samples suppressed the V' reaction fairly completely.
The large particles remaining in the structures of both alloys are
carbides.

Based on these results, the indicated solution temperature ranges
are plotted on figure 36 as a function of total Al+Ti content in each
alloy. The overheat temperatures maintaining fine V I in both alloys
were above the temperature for complete solution of v I_ Overheats to
1800°F were Just above the solution temperature for M252, while they
were well below for Inconel 700.

For comparison with the present data, the curve re_orted by
Betteridge and Franklin (ref. 8) for solution of V ' in _0 Ni-20 Cr
and 60 Ni-20 Cr-20 Co alloys containing'a 2:1 ratio of TiT: A1 is shown.
Also plotted on this figure are the results of the solution temperature
determinations on the other experimental materials from the present
investigation. Good agreement was obtained between the data reported
by Betteridge and Franklin and those from the present study.

The foregoing studies considered the V' reaction under conditions
which approached equilibrium. By comparison, the two-minute expo-
sures to the overheat temperatures were of relatively short duration.
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Yet since the overheats to the higher temperatures kept the _ , pre-

cipitate fine, the particles must have gone into solution and repre-
cipitated during cooling to the base testing temperature. The rates
of solution and reprecipitation of the y,, therefore, necessarily
had to be rapid. This was confirmed by Iced-brine quenching a small

sample of M252 from heat treated bar stock after each step in the
following treatment:

I) Held four hours at 1600°F to provide a resolvable precipitate

size and dispersion;

Heated from 1600 ° to 2000°F and held for two minutes;

3) Cooled to 1600°F and held for five minutes;

4) Held an additional five minutes at 1600°F for a total of l0
minutes.

Heating and cooling rates closely reproduced the conditions in an
overheat test. The microstructures of these specimens (fig. 37) show
that complete solution of the _' took place during step (2) and the

reprecipitation occurred during step (3). The additional five minutes
holding in step (_) did not result in a detectable change in struc-
ture.

Additional information concerning the amount of time required for
precipitation of the y' following an overheat was provided by a

distinct thermal arrest (fig. 38) in the cooling curves from over-
heats to temperatures above the _' solution temperature. These thermal
arrests occurred about 100-1_0°F below the equilibrium solution tem-

perature for the _' in each alloy. Since no other phase changes
were observed, the thermal arrests must have resulted from the _- _'
reaction. This further confirmed that reprecipitation of _' took

place during cooling to 1600°F.

Comparison of the cooling curve from an overheat (fig. 38) with

the amount of super-cooling below the equilibrium solution tempera-
ture indicated by the thermal arrests to be required to initiate re-
precipitation, shows that the reaction actually began about 1 to l-l/2
minutes after the temperature entered the two phase _+ y ' region
and was essentially complete in about one minute. Both M2_2 and
Inconel 700 alloys had thermal arrests during cooling from 2000 ° or

2100°F, the overheat temperatures which caused complete solution
during the overheats. On the other hand, the samples which were over-
heated to 1800°F did not exhibit thermal arrests on cooling. The

structure of both alloys after overheating to 1800°F gave evidence
that partial solution of the _' had taken place during the overheats
but that a large proportion of the _' particles remained undissolved.

For Inconel 700 alloy, this effect related basically to the fact that
the equilibrium solution temperature was considerably above 1800°F
so that the potential for complete solution did not exist. For M252
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alloy, the solution temperature was just below 1800°F. For this
alloy, the two minutes at 1800°F were insufficient for complete solu-
tion during an overheat.

These data demonstrated that the rate of solution and reprecipita-
tion of _' was amazingly rapid at 2000° or 2100°F. However, since
the maintenance of the fine dispersion and high apparent volume of ¥1
in the structure required relatively complete solution of the y' the
two-minute cycles employed were not effective when the overheat tem-
perature was only slightly above the equilibrium solution temperature.
By inference from these data, the effect of overheats to temperatures
well below the _' solution temperature (e.g. overheats to 1650° from
1500°F) would be to accelerate the agglomeration and apparent de-
crease in amount of precipitate during normal testing.

Relation Between Structure and Creep Resistance. - Based on the
theoretica_ consideration of dislocation movement d_ring secondary

creep, Weertmau (ref. 9) developed equations relating creep rate to
the microstructure of alloys containing a dispersed second phase. A
summary of his theory and its application to the data of the present

investigation follows.

Basis of Weertman's theory: When stress is large enough to ac-
tivate the Frank-Read sources in the alloy, but not sufficiently large

to generate and move enough dislocations to cause pile-up at the dis-
persed particles, the creep rate will be governed by the rate of
climb of the dislocations over the dispersed phase and can be written:

3

_Db _ where (a)
K1 = 4 _ kTh 2

K = creep rate

D = coefficient of self-diffusion

b = length of Burger's vector for dislocations

= stress

k = Boltzman's constant

T = absolute temperature

h = particle size

= shear modulus

k = distance between particles

The limit imposed on this equation (no pile-up of dislocations) should
be met so long as _ < _b . When the only variation is the dispersed

2k
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phase for a given test temperature, equation (a) can be written

K1 = C1 h--'2 ' (b)

When _ > _b the stress is high enough to cause pile-up to occur
and force 2 ' dislocations past the particles by pinching off loops

around them. The rate controlling aspect then becomes the speed with
which the loops are annihilated by climb to dislocations of opposite
sign. Weertman showed that in this stress range the creep rate can be

expressed as follows:

_Do_4X 2
K Z --

8 _r-2kT_Bh

For a given alloy and test temperature with only the dispersed phase
changing, this reduces to

K 2 = C2 _ (d)

The values for K_ are valid up to the point where _2 = 2_kT/kb 2.

At this point, the velocity of climb assumes a new form and the creep
Pate equation must be changed. The following considerations of the

structures demonstrate, however, that the conditions under which K 3
is valid were never approached for the tests carried out on M252
and Inconel 700.

The stress and test temperature were constant for each alloy in

this investigation. The limiting factors, in terms of the changing
structure, can then be written as follows:

K 1 holds whenk<_b/2_

K 2 holds for k>_b/2_ up to k - 2_kT
_262

The values for these limiting quantities were estimated for both
alloys. In making these estimates, the value for _ was calculated
from the values of E at 1600°F of about 19 x 106 usually measured

for these alloys, and assuming the theoretical value for Poisson's
ratio of 0.25 for isotropic materials. This gave _ = 7.6 x 106.

The value for b, the Burger,s vector, was based on the assumption that b

would equal the slip distance in the unit cell of_he matrix. For
a = 3.58

FCC systems, this is [II0] (IIi), which equals _ (ao) . For o

b then equals 2.5_. Under these assumptions, the theoretical limits

on k for which the equation K 1 and K 2 were valid were as follows:
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 b/2 2 kT/3b2
o o

M252 528A 17,150A
0 o

Inconel 700 328A 6,610A

For both alloys, comparison of the experimentally determined values
of k (table IV) with those calculated from WeertmanWs theory and
tabulated above showed that the actual values for k were near the

lower end of the range in which Weertmanls derivation indicated K 2

to be valid. The upper limit of k for which K 2 should hold, as pre-

dicted by Weertmanls theory, was clearly beyond the largest values for k

obtained experimentally.

Since the actual values of k were in the range where Weertman's

theory predicts behavior according to his K 2 relationship, and the

alloys did not exhibit the behavior required by KI, the data indicated

that the testing was conducted in the range of structure for which K 2
was valid.

When the alloys were overheated to 2000 ° or 2100°F, the values of
k remained near the levels ordinarily obtained after about 2 to lO

hours of exposure during a normal creep rupture test. The behavior
for both alloys thus would be expected to follow:

K 2 = C2

Since the stress was nearly constant during the tests, at least up to

the point where tertiary creep began to occur, the changes in creep
rate should be linearly proportional to the changes in the structure

reflected by the ratio, k2/h.

Application to experimental data: The instantaneous creep rates

were plotted against k2/h for both alloys (figs. 30 and 40). Although

K 2 is defined for secondary creep, the test data were plotted from the

beginning of the tests for comparison with the theory, since it was not
clear from the creep data exactly how to define secondary creep.

For M252 alloy, the creep rate values were measured from an
average creep curve drawn from the creep durves of figure lOa. Under
the test conditions used, secondary creep for a stable structure should

begin at about l0 hours and extend to about 40 hours. The data showed
(fig. 39) that the creep rate changed in a nearly linear fashion with

changes in k 2/h from the 10th to the 40th hours. This suggests,

therefore, that the increase in creep rate during this period was
due to the increase in particle spacing, k , and size, h. During the
first lO hours, the creep rate was higher than that suggested by the

nearly-linear trend of the succeeding data points, as would be ex-
pected from a tendency for normal primary creep to be superimposed on
the changing effect of structure. Similarly, beyond 40 hours, the
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deviation from the suggested linearity could be due to the effect of
third-stage creep being superimposed on the effect of the changing
structure. The strain in the material had exceeded 3 percent at this
time and the increase in stress which resulted should begin to cause
an acceleration of creep rate in a constant load test. In addition,
internal mlcrocracking as well as surface cracking could be contribut-
ing to the tertiary creep.

The structure parameter, k 2/h, increased considerably during the
course of normal creep-rupture tests. WhenH252 alloy was overheated
to 2000° or 2100°F_, however, the resultant structural changes restored
the value of the parameter to the same level as it was at the beginning
of the tests. The creep rate, after an overheat cycle, was also at the
level shown at the beginning of testing, as would be predicted by the
lower parameter level. In tests which were repeatedly overheated,
this creep rate prevailed until the creep strain reached about 3 per-
cent. At this time, as previously discussed, tertiary creep began to
be superimposed on the creep rate due to structure alone. Thus, even
though the influence of the instability of the _' between overheats
was uncertain, the data indicated good agreement between the structural
parameter and creep rate. This agreement indicated that the improved
creep resistance from overheating to 2000° or 2100°F was the result of
retention of a smaller particle spacing, k , and size, h, in M2_2.

For Inconel 700 alloy, the values of creep rate plotted on figure
40 were taken from the curves of figure 18a. During the period of
decreasing creep rate and the first hours of constant rate creep, the
samples all exhibited similar behavior so that the creep rates for
the first 25 hours of the tests could be measured from an average curve

representative of all data. As previously discussed, however, a con-
siderable difference existed between the original pieces of bar stock
in the time at which the creep rate began to increase. Therefore,
in measuring the creep rates during this period from figure 18a,
measurements were made from an average curve representing samples
which exhibited an early increase in creep rate, as well as from a

curve representing samples with the longest durations constant-rate
creep. Both sets of measurements are included on figure 40.

The relation of creep rate to the structural parameter, k 2/h,

was quite different from that of M252. The actual values of the par-
ameter were much smaller for Inconel 700 than for M252 alloy after

the same times at 1600°F. In addition, the parameter values remained

nearly constant _uring the duration of the tests, only changing from
about I15 to 300A even though the agglomeration which occurred during
the tests caused a considerable increase in yI particle size, h. At

the same time, the creep rate decreased for the first 2 to 3 hours
of the tests and then remained essentially constant out to about 25
hours.

Thus, in Inconel 700 alloy, the changes in structure which did
occur during normal testing had only a small effect on the parameter,
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k 2/h.-- Since creep rate appeared to depend on the structural
variables represented by the parameter, the existence of a time
period during which the creep rate did not change significantly was
not surprising. Thus, even though the normal structural changes were
prevented by overheating to 2000°F or higher, no significant effect
on creep rate could result.

The increase in creep rate which occurred beyond 25 hours prob-
ably resulted from the factors which ultimately caused fracture rather
than from the changing structure of the intragranular _', as repre-
sented by k2/h.

Discussion of structural parameter: The reason for the differ-
ence in sensitivity of the structural parameter, k2/h, of Inconel 700
and M252 to agglomeration of the y' precipitate during exposure at
1600°F can be deduced from consideration of the geometry of the dis-
tribution of the precipitate particles. For a given volume fraction
of randomly-dlspersed uniform-sized spherical particles, the ratio
k/h is constant, regardless of the number of particles and their size.
As the volume fraction of precipitate being considered is changed,
the required ratio k/h also changes. The dependence of k/h on f
(f = volume fraction)is such that as f increases, the value of k/h
decreases (fig. 41a), reaching the theoretical limit for f--0.74 when
the spheres touch one another. This relationship can be easily ex-
tended to Weertman's creep dependence factor of k2/h. Using the data
of figure _la, values for k2/h were calculated as a function of h for
two levels of f, 0.25 and 0.40. These levels were taken as being
approximately representative of M2_2 and Inconel 700 during secondary
creep, respectively. The results of these calculations (fig. _lb)
demonstrate that when the amount of precipitate in a system is rela-
tively low (as in M2_2), the value of k_/h is sensitive to changes in

h and varies with h over a wide range of values. When f is larger

(as in Inconel 700), k L/h has much lower values and does not change

so much with changes in h.

Weertman's postulation that creep rate should be related directly

to the parameter, kL/h, therefore seems to explain the observed effects
of overheating in falrlyfundamental terms. The difference in behavior
between M2%2 and Inconel 700 stemmed from the geometric consequences

of the difference in the amount of y' in their structures. That is to
say, overheating could only improve the creep resistance of a material
in which changes in the state of the _ ' would cause changes in the
parameter k2/h. M252 was sensitive to changes in the state of the _ '
while Inconel700 because of its higher amount of _ t, was not.

In the foregoing discussion, no attempt was made to calculate

creep rates quantitatively from Weertman's equation. However, the
prediction of creep rate in Equation (c) was shown to reduce to:

K2 = C2 _4 k2/h
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for constant temperature. Thus further reduced to

K2 = (C2 ×2/h

for constant stress so that the creep rate became a function of k2/h--

alone. From this viewpoint, figure 41b indicated that for the particle
sizes existing in M252 alloy during secondary creep, it should have
had much lower creep resistance than Inconel 700.

In conducting the tests, a stress of 18,000 psi was used for M252
and 29,000 psi for Inconel 700. Weertman's theory states that the dif-
ference in stress would be properly taken into account by the equation:

K2 : C2  4×2/h

A plot of creep rate versus _ h,k2/h (fig. 42), however, showed that the

creep rate of M252 was_cqnsiderably higher than it was for Inconel 700

for a given value of • @k_/h. Thus, introducing stress into the equa-
tion did not correlate the creep rates of the two alloys to the single

curve which would be expected.

The reasons for the lack of a quantitative agreement of creep

rate between the two alloys through use of Weertmants equation were

not established. Some rough ch_cks of the relationship between stress
and creep rate indicated that_ 4 is at least nearly correct. In
attempting to correlate the data from the two alloys, the assumption
was made that the matrix characteristics of the two alloys were

approximately the same and, therefore, the value of the constant C_

would be the same. Cp contains two terms which, however, could be_
quite different for t_e two alloys. D was defined by Weertman as the
coefficient of self diffusion for the metal being considered. In the
derivation, however, this was a simplification to represent vacancy
diffusion. The compositional differences between the two alloys are
such that there could easily be a considerable difference in vacancy
diffusion. The constant also includes the shear modulus, _. If

there was a marked difference in the way _ falls off with temperature,
it also could be quite different between the two alloys.

in addition to the possibility that differences in the constant
between the two alloys could account for the lack of quantitative
agreement when creep rates were compared between the two alloys, one
other factor should be considered. The calculations based on Weertman's

parameter were actually only effective in comparing changes in creep
resistance for a given material. The level of strength for any material
will depend on many other variables as well as on the state of the V I.
Such effects can also influence the results for a given alloy. For

example, the creep resistance of M252 was higher after overheats to
2100°F than after overheats to 2000°F. Since there was no significant

difference in the V I dispersion for these two temperatures of overheat-

ing, some other factor than VI was influencing creep resistance for
this alloy.
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In view of the complexity of the situation, further work would
be required to determine the specific cause for the lack of quanti-
tative agreement between the two alloys. Since the difference in

response to overheating between the two alloys was accountable on
the basis of the geometrical aspects of the y I distribution, the lack

of quantitative agreement probably involves the factors in the con-

stant C2 in Weertmants equation.

Apparent Variations in Amount of y t

The apparent decrease in amount of _' within the grains during
exposure to 1600°F was seemingly anomalous, being foreign to the
usual concepts of precipitation processes. In addition, the volume
fraction which was occupied by the _ t within the grains early during

exposure to 1600°F seemed very high.

Comparison With Fub!ished Phase Diagrams. - As a reference against
which the volume fraction data _ould be compared, the published phase

relationships for alloys of the same general type as those being
studied were reviewed. Betteridge and Franklin (ref. 8) determined

the solution temperature for the V ' phase in alloys containing
various amounts of AI and Ti in an 80 Ni-20 Cr or 60 Ni-20 Co-20 Cr

matrix with the Ti:A1 ratio equal to 2:1. These data were pre-
viously compared with the solution temperature for the yt for alloys
of the present investigation, and fair agreement was found. Taylor

(ref. 10) reported a more comprehensive study of the phase relations
in the Ni-Cr-Ti-A1 system under conditions approaching equilibrium at
1382°F (750°C) and 1832°F (1000°C). His data permit an estimation of
the effect of variations in the Ti:A1 ratio and, in addition, permit
inclusion of the effect of the solubility of Cr in the yt phase.

Rogen and Grant (ref. ll) published results of chemical analyses of
extracted Vt precipitates showing the presence of 4 to 5-percent Cr.

The available data from the present investigation were used to

estimate the phase boundaries for M252 and Incouel 700 alloys. These
estimates were based on the experimental solution temperatures for

the V ' and the amounts of V' at 1600°F suggested by the volume frac-
tion data of figure 29. The solution temperature data fixed one

point on the boundary between the V and y+V t fields. A second point
at 1600°F was located so that the amount of precipitate calculated

by the lever arm rule would agree with that estimated from figure 29

by extrapolation of the curves to the minimum values suggested by the
data (15 to 16-percent for M252 and 26-percent for Iucouel 700).

This point was also chosen so that the V t would contain approximately
the amount of Cr reported by Rogen and Grant. These estimated

diagrams (figs. 43 and 44) were then compared with the data of
Betteridge and Franklin and of Taylor. The following points can be
noted from these comparisons:

(1) For M252 (fig. 42), the boundary between the V, andv + Vt
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fields was less steep than that reported by either of the former
studies, and fell at lower values of Al+Ti for any given temperature.

(2) To make this boundary parallel to those of the other two
investigations would have required that the V +V'-V' phase boundary
be located at about lO-percent Cr, or that the equilibrium amount of V'
be much lower than is suggested by figure 29. Hence, the V t_V+V,
boundary was placed at 5-percent Cr to maintain agreement with the
data of Rogen and Grant, and the V+vtvboundary was located as shown.

(3) For Inconel 700 alloy, the estimated phase diagram (fig. 44)
showed better agreement with the published diagrams than was obtained
for M252. They +Vt.V boundary was between those of the two previous
studies and parallel to them. The y'-V+V' boundary was located at
4-percent Cr, which was in rather close agreement with Taylorts work.

These volume percentages of V1 are, however, much lower than
the measured values at the start of testing. In fact, the apparent
volume of y t initially present in both alloys was considerably larger
than was possible for the Al+Ti in the alloys, if the Vl is considered
to be stoichlometric Ni3A1 containing Ti and Cr as suggested by the
approximated diagrams. The maximumpossible amount of V t for this
condition, assuming the solubility for Cr indicated by figures 43 and
44, calculates to be:

M252 (heat 837) Inconel 700

Titanium (atomic percent)
Aluminum (atomic percent)
Al+Ti (atomic percent)

Cr in V' (atomic percent)
Al+Ti+Cr (atomic percent)
Maximum V, (volume %)

3.34
2.10

5.44
(5/2o)(5.44)= 1.36

6.8O
4 x 6.8 =27.2

2.35
6.48
8.83

(4/21) (8.83)= 1.68
lO.51

4 x 10.5 = 42.

Even though these maximum possible volume percentages are
larger than those suggested by the phase diagrams, the apparent volume
fraction of V' initially measured was still larger. Furthermore, the
progressive decrease in amount of precipitate during exposure would
require explanation even if there were sufficient Al+Ti in the alloy

to permit formation of the large amounts of VI.

Possible Explanations of Apparent Volume Changes. - There are
basically two avenues of approach to the question or decreasing
apparent amounts of precipitate during exposure at 1600°F. Either a
true volume fraction change occurred, or the measurements of volume
fraction were in error in such a way that the apparent amount of pre-
cipitate became smaller as the particle size increased. Since the
scope of the present study did not include sufficiently detailed in-
formation to permit an unequivocal choice between these possibili-

ties, both of them will be discussed and related to the pertinent
results of the present investigation.
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Errors in particle measurement: The similarity of crystallo-
graphic structure between _ and _ , suggested the possibility of an
error in location of the interface between the two phases. It also
suggested the possibility of coherency with a compositional and
strain gradient at the interface. These effects could result in the
etching indicating particles larger than the true _' size. If this
were so, the error in volume percentage would be largest when the
particles were smallest and most numerous. As the particle size in-
creases, this error would decrease and the values approach more nearly
the true volume fraction. Rough calculations suggested that all the
measured volume decrease could be accounted for on this basis. How-
ever, the etching developed a sharp interface between matrix and y'
with no indication that gradients were influencing the defined
particle sizes.

An error of this nature would not alter the way in which creep
resistance changes were qualitatively accounted for by the changing
particle sizes. Only the magnitude of the numbers would be changed.
Calculations were carried out assuming that the measured change in
volume fraction was an etching effect. This, however, did not make
the agreement in quantitative prediction o£ creep rate any better
than was found in the previous section.

The minimum volume fractions suggested after 200 hours exposure
by figure 29 were in fair agreement with those predicted from the
phase diagrams as previously discussed. This, however, did not aid
in establishing whether there was a true volume decrease or an etch-
lug effect.

Actual decrease in amount of ¥': An equally satisfactory
mechanism to explain the abnormally high initial apparent volume of
_t and its decrease with time of exposure could be predicted on the
initial formation of non-stoichiometric _'. This approach was used
by Underwood et al (ref. 12) to explain a larger than expected amount
of precipitate in Cu-A1 alloys. Bigelow (ref. 13) has suggested
mechanical entrapment of matrix atoms in _' to account for an ab-
normally large volume of _t in Al+Ti bearing nlckel-base alloys.

The reaction by which ¥' forms in M252 and Inconel 700 has been
shown to be very rapid. It is, in fact, difficult to suppress the
reaction on cooling from the solution temperature. Certainly, it was
not suppressed under the cooling conditions used for solution treat-
ing the creep-rupture and overheat test specimens. Thus, the condi-
tions for entrapment existed.

Bigelowts mechanism would not only provide for entrapment but
would imply the precipitation from solution of an initially larger
amount of Al+Ti than would exist at equilibrium. Due to the violence
of the reaction, all or nearly all the Al+Ti would initially partici-
pate in precipitation. Then, during subsequent exposure to 1600eF,
the composition would tend to return to equilibrium. At first, there
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would be solution of the smaller particles formed during cooling
from solution treatment. When the equilibrium Al+Ti in the matrix
was restored by this process, some particles would begin to grow at
the expense of others. This would allow the entrapped matrix atoms
to return to the matrix from those particles which disappeared.
Eventually, the point would be reached at which entrapped matrix atoms
would have to diffuse to the surface of the particle in which they
were contained in order to return to solution.

Comparison of the rate at which the apparent volume of y' de-
creased, with the rate at which the number of particles decreased,
suggested that if this type of mechanism was occurring, most of the
separation of foreign atoms from the _, occurred by solution of the
whole particles during agglomeration.

An actual decrease in the amount of _' present in the matrix of
the material could be explained by an alternative to Bigelow, s mechan-
ism, if the y, itself dissolved matrix atoms at the high temperatures
which were then rejected at lower temperatures due to decreased solu-
bility. Guard and Westbrook (ref. 14) have summarized the alloying
behavior of _t. Their study demonstrated the following:

I) Ti and Cr will substitute for AI in _,. This factor was taken
into account in calculating the amount of ¥ I possible in the alloys.

2) Co will substitute for Ni in V'. This would not increase the
amount of _' which can form.

3) Mo is nearly completely insoluble in _,.

4) The solubility of those elements which do dissolve in V,
increases with decreasing temperature.

These results demonstrate that the changes in the amount of ¥ i present
in the alloys cannot be accounted for on the basis of solid solution
of matrix elements in the ¥,. Thus, Bigelowts mechanism appears to
present the most plausible explanation for 8 true volume decrease of

In formulation of the preceding discussion, consideration was
given to the progressive accumulation of massive y' in the grain
boundaries, a phenomenon described in the following section on ductility.
The actual amount of y, involved in this process proved to be virtually
impossible to measure in a quantitative way. An approximation was
made of the amounts of V, in the grain boundaries of both alloys after
200 hours of exposure to 1600°F. These approximations showed that
the fraction of the total structure which was represented by the y, in
the grain boundaries after this time period was of the order of 2 per-
cent. Thus, although it must be conceded that migration of _' to the
grain boundaries did contribute to the decrease in amount within the
grains as exposure time increased, this was only part of the total
change measured.
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Overheating during rupture tests to temperatures above the solu-
tion temperature for y' maintained the apparent particle size and vol-
ume of _' close to that for both alloys after exposure to 1600°F for
from 2 to l0 hours. The precipitation of _' after an overheat, how-
ever, had to take place at temperatures above 1600°F. Using the concept
of the entrapment mechanism to explain these effects, the amount o£
precipitate would have been very high, for the first precipitation of
y ' from the solution-treated condition. Then, during cooling to
1600°F, the smaller particles re-dissolved while others grew. Con-
ditions were such that the relatively brief time above 1600°F was
sufficient to cause changes similar to those resulting from solution
treating and reheating to 1600°F for 2 to lO hours.

Comparison of the two suggested explanations: In summary of
the preceding discussions, the concession must be made that the data
from the present investigation do not clearly fit either of the two
suggested mechanisms to the definite exclusion of the other.

Additional information was available from data from a series of
small samples of M2_2 which were heated directly to 1600°F after
solution treatment without the prior age at 1400°F. The size, number,
and spacing of the yt particles as well as the apparent volume frac-
tion of _ in the structure were compared (figs. 26 through 29) with
similar data from samples given the 1400°F age prior to exposure at
1600°F. The material given the prior age at 1400°F exhibited a
larger apparent volume of precipitate in the form of more particles
of essentially the same size as those in the material exposed without
prior aging. This difference in amount of precipitate remained over
the range o£ exposure times at 1600°F while both materials evidenced
a decrease in the apparent amount o£ _.

In addition, there are data on figure 29 for the structure o£
material from stress-rupture test specimens which showed that slow
cooling from 1600°F resulted in additional precipitation during the
cooling. This additional precipitate took the form of larger
particles and yielded the same number of particles as similar material
which was cooled rapidly from the exposures at 1600°F.

The existence of a larger number of particles in the material
which was pre-aged at 1400°F seems relatively straight forward in any
case. For a normal precipitation phenomenon, the lower solubility
of AI and Ti in the matrix at l_O0°F would have resulted in a greater
potential for initial precipitation than at 1600°F and permitted more
particles to grow. Alternatively, under the proposed entrapment
mechanism, the nucleil would have already been present, having formed
during cooling from solution treatment. Then, on reheating, a greater
number of nucleii were above the critical size for survival at 1400°F
than at 1600°F. Thus, more particles would be expected to have
formed initially in any case.
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If the apparent decrease in volume fraction was actually the re-
suit of an etching effect of some sort, then the actual amount of _ '
could be assumed to be constant during exposure to 1600°F. Further-
more, the amount of y I in the material which was pre-aged at 1400°F
would be expected to decrease rapidly to the equilibrium amount at
1600°F as agglomeration of the particles permitted re-saturation of
the matrix at 1600°F. On this basis, the two curves on figure 29
should have merged by the time 50 hours had elapsed. That is, al-
though there were more particles in the material pre-aged at 1400°F,
they would not be expected to grow to the same size as those exposed
directly to 1600°F after solution treatment since the amount of _i
should be the same in both of them by this time. Since the data
do not show that the amounts became equal at the longer time periods,
this approach would require that the etching effect be greater in
the material which was pre-aged at l_00°F so that the apparent amount
of precipitate remained above that in the samples in which the I_00°F
age was omitted. At the same time, the persistence of a different
etching effect between the two materials out to _0 hours at 1600°F
seems rather unlikely.

The concept of the proposed entrapment mechanism as previously
discussed would also predict behavior of the type observed. Within
this framework, the observed differences would be real, resulting
from the greater number of particles able to survive the first few
hours of exposure to 1600°F.

In either case, when samples were slow cooled from 1600°F after
50 hours or more exposure, the decreasing solubility of the matrix
for the Al+Ti then caused additional precipitation of y1 on the already
existing, fairly large particles. This resulted in an increase in the
amount of precipitate present. The ease with which the additional _ I
precipitated during slow cooling suggests that the "foreign" atoms
in the precipitate would return to the matrix in much less time at
1600°F than is suggested by the data. Therefore, the idea of mechan-
ical entrapment is not entirely satisfactory.

Thus, neither the assumption of an error in particle measure-
ment nor of a true volume decrease is completely compatible with
the data. There is obviously the possibility that both factors
entered into the observed measurements to some degree.

Microstructural Features and Ductility

The elongation of Inconel 700 alloy at fracture was rather low
and the creep rates were comparatively low throughout normal tests.
Consequently, the rupture life was highly dependent on elongation.
The reduction in elongation from overheats to temperatures of 2000°F
and higher, therefore, resulted in significantly reduced life even
though creep resistance was unaffected.
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_or the high-ductility M252 alloy, a large fraction of the
elongation in normal rupture tests was accumulated during the last
few hours of testing when the creep rate was very rapid. Over-
heating reduced the amount of elongation which could occur during
this period. Since rupture life would have been extended only a
few hours if this loss had not occurred, the reduction in ductility
of M252 alloy from overheating did not significantly reduce rupture
life.

_Cnenoverheats reduced ductility, the amount of reduction in-
creased with the number of overheats applied. Thus, when a limited
number of overheats was applied and the specimen then continued to
rupture at constant temperatures, the reduction in ductility was
less than when the overheating was continued until rupture occurred.

The structures of both alloys were examined for the metallur-
gical factors responsible for the observed ductility in the rupture
and overheat tests.

Inconel 700 Alloy. - The structure of Inconel 700 alloy after
t

the standard heat treatment consisted of fine intragranular y

" C6particles (fig. 25), carbide particles (later sho_n to be _123 ),

both within the grains and in the grain boundaries (figs. 21 and
25), and the usual random dispersion of larger angular Ti(C, N)
particles (fig. 21). During exposure at 1600°F, _:ith or without

stress, the size and number of the grain-boundary M23C 6 carbides

increased (fig. 25). At the same time, the amount of Intragranular

M23C 6 decreased. When stress was absent, there was an accumulation

of massive ¥' along all the grain boundaries which enveloped the
grain-boundary carbides (fig. 25).

The presence of stress during exposure to 1600°F (fig. 45)
caused the disappearance of the fine _' particles from strips of
matrix adjacent to grain boundaries transverse to the applied stress.
(This will hereafter be referred to as "y' depletion"). It also
reduced the accumulation of the massive _' in many of the grain
boundaries transverse to the applied stress. Microcracks formed
in the transverse grain boundaries between carbides and the depleted
matrix. Comparison of the structure of a sample from a rupture test

interrupted after 30 hours, with the structure of a sample from a
completed rupture test (table V) demonstrated that this _' depletion

and microcracking had begun after 30 hours of testing and increased
progressively out to rupture. Fracture occurred intergranularly by
the gro_:th and eventual linkage of a series of microcracks across
the sample. This process of structural alteration by y' depletion
and microcracking leading to fracture has previously been reported
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by Decker (ref. 15) and Weaver (ref. 16) in alloys containing
predominantly i l C carbides.

23 6

The only carbides identified by X-ray diffraction analysis
of residues eztracted from a rupture test specimen (tables Vi
and VII) _ere hl C and TI(C, i_). The Ti(C, N) particles were

23 6
easily identified in the microstructure by their appearance. They
_ere only occasionally in the grain boundaries, and remained un-
changed in size or dispersion throughout testing. Thus, these
analyses indicate that the carbides _hich S6rmed in the boundaries
during testing were 71 C

23 6"

]_en samples were overheated to 2000°? or higher, the struc-
tural changes associated with rupture in the normal creep-rupture
tests were drastically altered. Kicroeracking was virtually pre-
vented up to the point o£ fracture. A sample interrupted after

six overheats to 2000°_ (table V) contained practically no micro-
crack_. Thio was alsotrue for those samples _rhich ruptured soon
after the application of the last overheat. In all cases, however,
fracture was intergranular as it was in the normal creep-rupture
tests.

Associated with the prevention of microcracking by overheats
to 2000°F and higher was the virtual elimination of nearly all

!

carbides from the grain boundaries, and the absence of y depletion
adjacent to the transverse grain boundaries (fig. 46). In addition,
the blocky ¥' was eliminated from all the grain boundaries. Almost

no precipitate remained in the grain boundaries.

Intergranular cracks originating at the surface were observed
in all specimens. Since there was no significant change in the
number or size of the intergranular surface cracks present in all
specimens, these cracks were apparently not a factor in the ductility
effects observed.

Specimens were overheated to 2000 ° or 2100°F for a limited
number of times and then allowed to continue to fracture at con-

stant temperature. Examination of these specimens after fracture
(fig. 47) showed that the structural changes observed in the grain
boundaries of samples from normal tests had begun to take place
after overheating was discontinued. Carbide precipitation in the
grain boundaries, ¥' depletion, and microcracking were all observed.
Massive _' also appeared in all of the grain boundaries except
some of those which were transverse to the applied stress. As the
time between the last applied overheat and rupture increased, these
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structure characteristics continued to change much the same as
they would have in a normal creep-rupture test which had been in
progress for the time since the last overheat.

X-ray diffraction analysis of extracted residues from a
sample which received 6 overheats to 2100°F and then continued an
additional 49 hours to rupture (table VII) indicated that the
predominant carbide type was still M C as it was after normal

23 6

testing, although a detectable amount of M6Chad formed.

None of the conditions of overheating to 1800°F noticeably
affected the grain boundary structural alterations observed in
constant temperature tests. As a consequence, overheats to this
temperature had no significant effect on the elongation.

M2_2 Alloy. - In M252 alloy, X-ray diffraction analysis of
extracted residues from normal creep-rupture tests (tablesVl and

VII) indicated that M6C was the only carbide type present, as

appears to be characteristic of alloys with high molybdenum (ref.
17). The microstructure, after the standard heat treatment,
showed a dispersion of fine Intragranular y' (fig. 24) and a dis-

persion of M C throughout the structure (figs. 14 and 24), both
6

in the grain boundaries and within the grains. During exposure
_ith or without stress to 1600°F, the carbide distribution was

unaffected and remained discontinuous in the _raln boundaries
[fig. 48(a) and (b)]. Considerable massive _" appeared in the
grain boundaries (fig. 24), around and between the carbides. _en
a stress was present, the matrix adjacent to many of the trans-
verse grain boundaries showed y' depletion and the massive _' was
absent from these boundaries. Microcracks were observed (fig. 30)
in these areas between the carbides and the depleted matrix.
Measurements of the number of mlcrocracks (table VIII) demonstrated

that after 50 hours in a normal creep-rupture test, there was a
detectable number of cracks and that after rupture, this number

was considerably greater. Furthermore, the number of cracks at
rupture in M252 alloy was greater than that in Inconel 700 alloy.

Overheats to 2000 ° or 2100°F from a base temperature of
1600°F had no effect on the size or distribution (fig. 48) of the

carbides in M252 alloy. There was, however, a considerable de-
crease in the amount of ¥' depletion adjacent to the transverse

grain boundaries as well as in the amount of _ ' agglomeration which
occurred at the grain boundaries. Analysis of residues from a
specimen overheated to 2000°F (table VII) showed no change with
overheating in type of carbide. The number of microcracks at
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fracture was not changed. Examination of a sample which had been
overheated to 2000°F from a base temperature of 150_ F indicated,
by comparison with a normal creep-rupture test at 1500°F, that
more microcracks had formed in the overheated sample than in the
normal test specimen. The elongation under these conditions was
reduced more than it was in the tests at 1600°F (table II and fig.
16).

Examination of samples after overheats from 1600 ° to 1800°F,
the temperature which reduced elongation the most, showed that
there were more areas of _' depletion and more microcracks (table
VIII) in this condition than in the normal test samples.

Samples from tests overheated to 2000°F a limited number of
times and continued to fracture indicated that X' depletion took

place after overheating was stopped, and blocky _' formed in the

longitudinal grain boundaries, much the same as in normal tests.
No change in number of microcracks from that in a normal test
could be detected.

The samples which were overheated a limited number of times
to 1800°F dld not provide a clear picture of the response of the
structure after overheating was stopped. There were fewer micro-

cracks and less y' depletion than was observed when overheats were
continued to rupture. The mlcrocracking and _' depletion appeared

to be greater, however, in every case than in a normal rupture test.

Interpretation of Data. - Microcracks originated at carbides
when they were present in the grain boundaries in both alloys.
Since the nucleation and growth of micrccracks caused fracture,
carbides were a major factor in the effects of overheating on

ductility. This was most strikingly shown by the absence of micro-
cracking when the carbides were practically eliminated from the
grain boundaries of Inconel 700 alloy by overheating to 2000 ° or
2100°F. This was nearly as striking for overheating M252 alloy to
2000 ° or 2100°F since neither the amount of microcracklng nor the

carbides in the grain boundaries were affected, although the alter-
ation of the _' was very striking.

The outstanding feature of the relation of carbides to micro-
cracking was the evidence that there was little difference in the

M6C C6 carbides. It seems probable, there-effectiveness of and M23

fore, that the hard unyielding nature of carbides of either type
can lead to stress concentrations causing microcracking. Whether

or not they do is dependent on the characteristics of the remainder
of the structure, as will be discussed. If this is correct, the. l

high ductility associated with alloys with predominantly M6C

carbides is not due to a better bond between M C and the matrix.
6
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Rather, it must either reflect associated differences in other
structural features which tend to reduce the susceptibility to
crack nucleation and growth; or, reflect inherent differences in
the form and distribution of the two carbides.

In this connection, it is important to note that the M6C

carbides in M252 were not altered by overheating. Overheating to
2000° and 2100°F not only prevented the formation of the M C

23 6
carbides in the grain boundaries of Inconel 700 but also dissolved
those which had formed during heat treatment. Beattie (ref. 18)
has reported that the solution temperature for M C is below

23 6
2000°F, while it is considerably higher for M C. This explains

6
the influence of overheating on the M C carbides in Inconel 700

23 6
and the lack of influence on the M C carbides in M252. Probably,

6
their state and distribution in M252 were largely governed by
history of the material prior to the final treatment at 1950°F.
In Inconel 700, they were dissolved during solution treatment and
then reprecipitated during subsequent exposure to lower tempera-
tures.

Grain boundary carbides did not accumulate in Inconel 700
samples which were overheated to 2000°F or higher unless over-
heating was discontinued. Although some M C carbides formed under

6
these conditions, they did not alter the subsequent ductility of
the samples.

The data suggest that stress concentrations develop around
carbide particles when stress is applied. The structure acts to
relieve these concentrations by localized creep in the adjacent
matrix. Continued overall creep, however, renews the stress con-
centration. Finally, when the available ductility in the matrix
adjacent to the carbide particle has been exhausted through local-
ized creep, a microcrack forms. The nucleation of microcracks at
the carbide particles is, _herefore, governed by the creep character-
istics of the alloy.

The growth of microcracks, once they have formed, should also
be governed by the creep characteristics of the material, although
the influence of excess phases in the grain boundaries will also
be important. Creep characteristics will govern both the effi-
ciency of the stress relief provided by the initial formation of
the cracks, and the stress level applied to the cracks after they
have nucleated.
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Weaver (ref. 16) has noted that the ease of crack propagation
increases as the excess phases in the grain boundaries decrease
from continuous films to discontinuous particles to clean grain
boundaries.

In summary of these generalities, the following factors can
be listed as contributing to the nucleation and growth of micro-
cracks, and the eventual complete fracture of a specimen.

l) Cracks nucleated as the result of stress concentrations
which occur at carbides in the grain boundaries transverse to the
applied stress. The type of carbide, _er se, is not important.
The form and quantity of the carbide exerts the most important
influence.

2) Creep in the matrix adjacent to the carbide particles
acted to relieve the stress concentration. Since depletion of
_' from these areas generally occurred, they were weaker than the
bulk of the matrix and could deform readily under the applied stress
concentrations to provide relief. At the same time, the depletion
would tend to result in concentration of overall creep strain in
these weakened areas.

3) Overall creep in the sample served to continually renew
the concentration of stress around a carbide particle, and at a
crack after it had nucleated.

A consideration of the specific way in which these factors
related to the behavior of each alloy follows.

M252 alloy: The carbides in M252 were stable during normal
testing. The creep resistance of this alloy was relatively lower
than that of Inconel 700. Microcracking in M252 was, therefore,
mainly governed by creep strain as it served to produce stress
concentrations around the grain boundary carbides and cause nu-
cleation and growth of microcracks.

The accumulation of massive _' in the grain boundaries of
M252 during normal tests did not occur in many of the transverse
grain boundaries. Thus, the cracks grew along these boundaries in
accordance with the discontinuous nature of the existing carbides.

When M252 was overheated to 1800°F, the main structural change
introduced was an increase in the amount of depletion of _' from
the transverse grain boundaries. This resulted in an increased
number of microcracks. Thus, in this case, the increased amount
of creep occurring at the grain boundaries more than offset the
increased tendency for stress relief by localized creep around the
carbides. The net result was a decrease in the total elongation
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required to llnk the microcracks and cause fracture. As previously
discussed, this did not significantly change the rupture time since
the overall creep resistance of the material was not affected, and
the creep characteristics were such that a large fraction of the
total deformation took place during the last few hours of the tests.

When specimens were overheated from 1600 ° to 2000° or 2100°F,
the most significant effect was the increased overall creep resis-
tance. Accompanying this effect was a decrease in the amount of
y' depletion. The increase in creep resistance served to decrease
the rate at which stress concentrations could build up in the grain
boundaries, while the decreased depletion made more difficult the
relief of stress concentrations by localized creep. The net result
was no change in the amount of mierocracking which took place. The
slight reduction in elongation which was caused by overheating to
2000 ° or 2100°F was apparently the result of an increased rate of
crack growth.

When the base test temperature was 1500°F for M252, the applied
stress was higher and there was a greater relative increase in the
creep resistance of the matrix from overheating. The net effect in
this case was an increase in the amount of microcracking with a
consequent decrease in ductility as a result of the linkage of
microcracks at lower total creep strain.

Inconel 700 alloy: Inconel 700 differed from M252 in several
factors which govern crack nucleation and growth. The overall creep
resistance of Inconel 700 was comparatively much higher. Thus, the
applied stress was much higher to obtain rupture in about the same
time as M252. Carbides had to grow in the grain boundaries during
the tests. As a consequence, there was a period early in the tests
when the stress concentrating effect of carbides was rather small.

As the carbide particles increased in size, the stress con-
centrations increased. The high creep resistance of the matrix
forced a relatively large fraction of the total strain into the
grain boundary areas. Eventually, a crack was nucleated, and grew
under the continuing application of stress. As a result of the
higher creep resistance of Inconel 700 causing a larger fraction
of the total strain to go to the grain boundaries, the microcracks
grew add linked together to cause fracture at lower total creep
strain than was required by M252. The need for the carbide par-
ticles to form in the grain boundaries during creep was probably
an important factor limiting the number of mlcrocracks, as well as
increasing the tendency for crack growth.

None of the structural factors of normal tests were changed
by overheats to 1800°F. Consequently, the ductility was not altered.
Since the creep resistance was not changed either, rupture time re-
mained unaffected.
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When the overheat temperature was 2000 ° or 2100°F, carbides

were practically eliminated from the grain boundaries. This re-
moved the main source of stress concentration for microcracking.
The concurrent prevention of the accumulation of massive y' in the

boundaries left a relatively clean grain boundary with little
resistance to crack propagation. When a microcrack finally did
form, it grew rapidly to cause fracture. Thus, failure occurred
during the 5 hours under stress between overheats, even though
no microcracks were intially present at the start of the flve-hour

period.

The factors controlling the nucleation of a crack after over-
heating to 2000 ° or 2100°F are less clear. The test results show
that it was delayed in relation to a normal test. Apparently, the
absence of stress-raising carbides required more overall creep
deformation before some other factor nucleated a crack. The con-

centration of creep strain in the grain boundaries, with little
opportunity for the relief of the resulting stress concentration,
particularly at triple points, may have caused a crack to form.
Fracture also could have been caused by a surface crack. In any

event, a crack, which was necessary to nucleate fracture, occurred
and grew rapidly before the overall strain attained the same amount
as was possible with the inhibitants to crack growth in a normal
test.

Since the effects of overheating on the grain boundaries were
the same with overheats to either 2000 ° or 2100°F, and creep resis-

tance was unaffected in either case, the decrease in ductility was
the same for both overheat temperatures.

Discussion for both alloys: The reason why overheating to
1800°F increased _' depletion in M252 alloy and had no effect on

!
depletion in Inconel 700 is not clear. One possibility suggested

by the available information is related to the solution temperature
for _' which is very close to 1800°F for M252 and considerably9

higher for Inconel 700. This may have accelerated depletion in some
unknown way. The larger amount of creep deformation experienced by
M252 before fracture could also have been involved. A further dif-
ference existed between the alloys in the response of this factor

to overheating. When the overheat temperature was 2000°F or higher,
_' depletion was prevented in Inconel 700 alloy, while it was only
reduced in M252.

The cause of ¥' depletion and the prevention of the accumulation
of massive _' at transverse grain boundaries is not understood.
These phenomena occurred in both alloys. It would seem that they
must have been caused by alteration of the phase relationships by
stress and strain effects at the grain boundaries. As previously
discussed, _' was unstable and it would be relatively easy for such
a factor to operate.
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The foregoing discussion regarding the influence of overheating
on the ductility process has not specifically considered the effect
of a limited number of overheats (i.e., tests in which considerable
time elapsed after application of an overheat before fracture
occurred). The data showed that samples from such tests exhibited
an effect intermediate to that of a normal rupture test and a test
to which overheats had been repeatedly applied until fracture. In
all cases, this was accounted for by the return of the structural
changes, after overheating was stopped, to the process of a normal
creep-rupture test. This acted to offset a portion of the effect
of the overheats which had been applied and reduced the extent of
the decrease in elongation.

The nucleation and growth of microcracks leading to rupture
has been sho_m to be closely related to, and probably governed by,
the ability of the two alloys to relieve stress concentrations at
the grain-boundary carbides by local creep in the adjacent matrix.
The definite possibility that stress relief was accelerated by the
increased temperature during the overheats has not been mentioned.
The experimental evidence, as presented in the foregoing analysis,
indicates that this factor was not important in the control of
response to overheating. The Inconel 700 data at first suggested
that the lack of microcracking in samples overheated to 2000°F and
higher was, at least partly, due to accelerated stress relief.
Overheating to the same temperatures, however, did not alter the
number of microcracks in M252 alloy. Further study then showed that
alteration of the grain-boundary precipitates was responsible for
the effects in Inconel 700 alloy. It appears, therefore, that the
role of accelerated stress relief during the overheats was either
small or masked under the conditions of the experiments.

Previous mention was made of the difference in grain size be-
tween the M252 and Inconel 700 alloys after standard heat treatment,
as well as the variable grain size between the individual bars of
Inconel 700 alloy. Larger grain size has generally been associated,
in published data, with lower ductility in creep-rupture tests. For
this reason, recognition must be made of the fact that the larger
grains of Inconel 700 alloy may have affected the response of the
fracture mechanism to overheating, in comparison to the finer grained
M252 alloy, in some way which was not evident in the data. On the
other hand, the fracture mechanism suggested by the data indicates
that the factors which control ductility do not depend directly on
grain size. Apparently, in most cases, the variation in grain size
in a material occurs under conditions in which the structural
features actually responsible for ductility effects are also changed.
Thus, although a grain size change is observed, it is not, oer se,
responsible for the cha_ge in available ductility.

The factors governing ductility are complex and interrelated
in ways which make a generalized prediction of ductility difficult.
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Apparently, nucleation of cracks becomes more difficult when grain
boundaries are free of excess phases or when the excess phases
have complete continuity in the boundaries. In the former case,
growth would be comparatively easy. In the latter, growth wculd
be quite difficult. Thus, since a completely continuous carbide
network is virtually impossible, and intermediate discontinuous
network should be most favorable. Apparently, the very rapid growth
when there is less excess phase in the boundary more than offsets
the fact that there are fewer sites for nucleation. As the amount
of excess phase increases, the number of nucleation sites increases
reducing the amount of crack growth required before they llnk to-
gether to cause fracture. At some intermediate amount of excess
phase, there will be a point where the nucleation and growth char-
acteristics balance to give optimum resistance to failure by cracking.

In addition, both nucleation and growth of microcracks appear
to be closely related to creep resistance. Many of these related
effects, however, tend to offset one another making prediction of
the net effect virtually impossible. For example, a highly creep
resistant matrix would tend to restrict the amount of overall defor-
mation which occurs, thereby reducing the build-up of stress concen-
trations in the grain boundaries. At the same time, however, the
matrix adjacent to the grain boundary carbide particles would be
less able to relieve the stress concentrations by localized creep.
Conversely, when the creep resistance is low, the creep strain re-
quired to nucleate a crack can be obtained with comparative ease,
but the tendency for cracks to grow will be smaller due to the more
complete relief of stress concentrations when a crack forms. The
way in which these variables inter-play will be a function of the
combined effect of test temperature, stress, and creep rate being
considered.

Role of Additional Composition Variables

The response of M252 and Inconel 700 to overheating has been
considered up to this point in terms of effects dependent on the
amount of Al+Ti present, and the influence of Mo content on the
carbide reactions. Originally, the response to overheating of
M252 alloy with 10-percent Mo as compared to that of the 4-percent
Mo in Inconel 700 suggested that molybdenum content itself could be
a controlling factor. Accordingly, a program was started to study
the role of molybdenum but not pursued extensively when the inter-
pretation previously discussed became evident and when experimental
difficulties were encountered.

The major alloying elements which were varied are summarized
in the following comparison with M252 and Inconel 700:
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Alloy Content (weight percent 1
Material C__o M__o Ti A1 Al+ Ti

M252 (heat 837) 9.70 lO.O0 2.71 0.96 3.67

Heat 1171 10.27 i0.Ii 2.54 1.27 3.81

Inconel 700 28.69 3.08 2.02 3.13 5.15

Heat 1172 10.28 10.13 2.65 2.99 5.64

Heat 1173 10.22 4.13 2.57 0.82 3.39

Waspaloy 13.29 2.89 2.30 1.50 3.80

The complete analyses are given in table I. Heat ll71 was included
to be a control laboratory heat of M252.

The results from the study of these materials is detailed in
the following sections.

Slu_ish _' Precipitation. - Heat 1173 was prepared with the
intention of studying the role of molybdenum by reducing its level
to 4 percent in a material which was otherwise similar to M252 alloy.
&s the data (table IX and figs. 49 and 50) show, however, the be-
havior of the material was so inconsistent with expected characteris-
tics that it could not be relied upon to show the role of molybdenum.

The normal creep-rupture strength at 1600°F of heat 1173 (table
IX) was about the same as heat 837 of M252 but lower than heat HT-28.

The elongation at fracture (21 to 25 percent) was intermediate to
Inconel 700 and M252. The creep behavior in normal tests (fig. 49)
was also intermediate to that of M252 and Inconel 700.

Ten overheats to 1800 ° or 2000°F had the following effects
(table IX) on the creep-rupture properties of heat 1173 at 1600°F:

(1) Overheats to both 1800 ° and 2000°F reduced rupture time

(fig. 50). The reduction was less for overheats to 2000°F than for
overheats to 1800°F.

(2) Elongation (fig. 50) was unaffected by overheats to 1800°F
and increased by overheats to 2000°F.

(3) Creep resistance was affected the same by overheating to
either 1800 ° or 2000°F (fig. 49). Immediately following each over-

heat exposure, the creep rate was very high. It then decreased with
time up to the subsequent overheat.
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The reduction in rupture life was due to the greatly accelerated
creep rate between overheats. This led to the accumulation of more
creep-straln at a given time than in constant temperature tests, with
a consequent reduction in rupture time.

The acceleration of creep rate was caused by an extremely low
rate of reprecipltation of _' after overheating. Overheats to 1800°F,
as well as 2000°F dissolved the ¥', . The solution temperature for _'
in this heat was sufficiently below 1800°? (fig. 36) so that the y'
was dissolved durlng the 2 minutes at 1800°F during an overheat.
When a sample was cooled back to 1600°F and the load reapplled, _'
had not re_recipitated. Consequently, the creep resistance was very
low. As _" slowly reprecipitated, the creep resistance returned, and
the creep rate decreased.

The sluggishness of _' reprecipitation was evident in several
ways. No halts in the cooling curves after overheating were observed
as they were for heats 837 and HT-28. Small samples were heated to
2000°F and cooled back to 1600°F at the same rates as those during
overheat exposures. These were quenched after varying times at
1600°?. After 5 minutes at 1600°F, there _as very little ¥' evident
in the microstructure (fig. 51). Even after 40 minutes, the amount
of _' was small and in the form of relatively large particles. It
seems quite evident that at 1600°F the _' reprecipitated very slowly
with a much less favorable dispersion than it did in _252 alloy as
previously described.

The relatively low Mo content of heat 1173 was suspected to be
related to the slow rate of reprecipitation at the low solutlon
temperature. The availability of Waspaloy stock with still lower
Mo (2.89 percent) and only slightly higher Al+Ti (3.80 percent)
afforded an opportunity to check this. Small samples were heated to
2000°F for 2 minutes, cooled to 1600°F and held 5 minutes. There
were large amounts of y' in the Waspaloy structure similar to M252
control samples from heat 837 (fig. 51). This indicated that the
low Mo of heat 1173 alone was not responsible for the sluggish re-
precipitation of _' after overheating.

The analysis for aluminum and titanium in heat 1173 was checked
and agreed with the initial analyses. In addition, the measured
solution temperature for N' (fig. 36) seemed to agree with the
analyzed Al+Ti content.

The behavior of this heat presents a paradox. It does not seem
reasonable that the slightly low Al+Ti (3.39 percent) in comparison
to the amount in heat 837 of M252 (3.67 percent) or in the Waspaloy
(3.80 percent), could be responsible for the sluggishness of repre-

!
cipitation. Boron additions presumably reduce the rate of
precipitation. The analyzed boron content of heat 1173 was similar
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to HT-28 of M252. Since the y' precipitated rapidly in HT-28, it
appears that boron was not responsible.

Heat 1173 was also unusual in that the y' redissolved during
an overheat to 1800°F. The y' in heat 837, whose solution tempera-
ture was somewhat higher than that of heat 1173 but still well
below 1800°F, did not dissolve appreciably.

The temperature for reprecipitation of y' during cooling from
an overheat for the materials with 10-percent Mo (fig. 36) suggests
that reprecipitation should have occurred in heat 1173 at about
1600°F. The temperature of reprecipitation for Inconel 700, however,
was considerably lower in relation to its solution temperature than
it was for the materials with 10-percent Mo. It is possible that
Mo raises the temperature of reprecipitation. If this should be the
case, the temperature for reprecipitation of y' for heat 1173 at the
cooling rates obtained from the overheat exposures could have been
suppressed well below 1600°F. It is further possible that it could
have been suppressed even more than is suggested by fig. 36 if the
effeet should happen to intensify as the Al+Ti is reduced. This
does not, however, explain why the y' in Waspaloy reprecipitated.
Either there is an unusual sensitivity to the exact amounts of A1
and Ti in the alloys, or some unidentified factor was involved in
heat 1173.

A residue extracted from a constant temperature rupture test at
1600°F discontinued after 50 hours contained both M C and M C.

23 6 6
This would be expected for the "intermediate" Mo content of 4 percent.
There is nothing, however, in this to suggest why the rate of repre-
cipltation of y after overheating was so slow.

The sample overheated to 2000°F for lO times and then continued
to rupture had fewer microcracks than a constant temperature test.
It is presumed that this was due to solution of M C carbides from

23 6
the grain boundaries during the overheats to 2000°F. However, this
type of study was not pursued further when it was recognized that the
results apparently were not clarifying the role of Mo. It is only
interesting to note that in this alloy, nucleation of microcracking
and crack growth apparently were governed by creep strain. So far
as these processes were concerned, they were probably governed by
carbides in the grain boundaries and the accumulation of creep strain.
Whether the strain accumulated at the rate of normal tests or at the
greatly accelerated rates after overheating made no difference. The
only umexpected factor was the absence of increased elongation as a
result of the reduced creep resistance from overheating, since this might
be expected to allow easier relief of stress concentrations around the
carbide particles, thus delaying the formation of microcracks.

56



High Mo With High Ti+A1. - Heat 1172 was made to provide Al+Ti
in the range of that in Inconel 700 alloy in the presence of 10-
percent Mo. The Ti content was kept at the 2.5 percent of M252
and the A1 raised to 3 percent. The rupture strength (table IX)

was low by comparison to other alloys with similar Ti+A1 content.
The lO0-hour rupture strength at 1600°F was 8,000 to lO,O00 psi
lower than that of Inconel 700 alloy. The ductility was slightly
higher.

Ten overheats to 1800 ° or 2000°F caused the following changes
in rupture properties at 1600°F (table IX):

(1) Rupture time (fig. 52) was slightly reduced by overheats
to 1800°F and significantly increased when the overheat temperature
was 2000°F. Ten overheats more than doubled life and indicated that

continued overheating to rupture would have prolonged rupture time
to that typical of Inconel 700.

(2) Elongation (fig. 52) was increased by overheats to 1800°F

and unchanged by overheats to 2000_F.

(3) The creep resistance (fig. 53) was reduced by overheats to
1800°F and markedly increased by those to 2000°F.

Apparently, the rupture time was reduced at 1800°F due to the
reduction in creep resistance, even though elongation was increased.
The marked increase in creep resistance from overheats to 2000°F was

responsible for the increased rupture time, since elongation was not
changed.

The microstructure of this alloy after creep-rupture testing
at 1600°F (fig. 54) contained a needle-like acicular phase. This

phase was extracted with hot aqua regla and identified by X-ray
diffraction as sigma phase (table X). Qualitative spectrographic
analysis of the residue indicated a predominance of Cr, substantial
Mo, and some Ni, a composition consistent with sigma phase. Ti and
A1 were not detected.

The sigma phase was not present in identifiable amounts in the
alloy following the original heat treatment (fig. 54). Overheating
to 2000°F prevented its appearance although it did form in a speci-
men which was overheated a limited number of times and then allowed

to continue to rupture at 1600°F.

The combination of 10-percent Mo with 5.6-percent Al+Ti in
heat 1172 was sufficient to shift the phase diagram to the point
where sigma phase could form during testing at 1600°F. Overheating
to 1800°F accelerated the reaction. The results indicate that 2000°F

was above the solution temperature for the sigma phase, since over-
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heats to this temperature prevented its accumulation by periodically
redissolving it.

The appearance of sigma phase in alloys is known to reduce
creep resistance and rupture strength. It also causes an increase
in elongation in rupture tests at elevated temperatures. The un-
expectedly low normal rupture and creep strength level in heat 1172
was, therefore, apparently due to the formation of sigma phase during
testing.

Measurements of the amount of _' in the matrix areas between
the sigma needles yielded the volume fraction which would be ex-
pected for an alloy with 5 to 6-percent Al+Ti. The presence of the
sigma phase throughout the structure, however, reduced the overall
volume fraction of _ ' to a much lower value. Since the sigma

!

contained no A1 or Ti, the reduction in the overall amount of y
present could have been due to a change in the matrix composition
associated with the formation of the sigma phase. The appearance

of a very heavy layer of _' in the grain, boundaries of heat 1172,
by comparison with Inconel 700 alloy, however, suggested that the
formation of the sigma phase also forced _' to the boundaries. In

any case, the lower overall amount of y' in the structure probably
contributed to the lower creep resistance in the presence of the

sigma phase.

The data indicated that, when the formation of sigma phase was

suppressed by overheating to 2000°F, the strength level was consis-
tent with that to be expected at the 5 to 6-percent Al+Ti level.
At this level, precipitation of _' occurred during cooling from the
overheats. The data were not sufficiently detailed to determine

whether the high molybdenum in heat 1172, by comparison to that in
I

Inconel 700 alloy, caused an increase in the rate of the _ reaction.
When the data for heat 1172 were complicated by the formation of the

sigma phase, further studies of this heat seemed of questionable
value.

Laborator 2 Melted M2_2 Allo2. - When laboratory heats 1172 and
1173 were made to study the effects of Mo content, a control heat,
llT1, of M252 alloy was also melted. Its rupture strength at 1600oF
(table IX) was on the high side for M252 alloy, while the ductillt_
was somewhat low. Overheating had the following effects (table IX):

(1) Overheating to 1800°F did not significantly alter rupture
time (fig. 55), elongation (fig. 55), or creep resistance (fig. 56).

(2) Overheats to 2000°F increased rupture time and elongation
(fig. 55) and also increased creep resistance (fig. 56).

The amount of testing, as well as the structural studies, was

extremely limited. The limited results were sufficient, however,
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to indicate that the laboratory heat of M252 did respond to over-
heating generally the same as the larger heats with only minor
differences. Examination of the structure of a sample which had
been overheated to 2000°F (fig. 57) showed a large apparent amount
of V' in the form of small particles as was the case for the large
heats. The increased creep resistance from overheating to this
temperature was! therefore, due to the retention of a hlgh-strength
dispersion of V •

The higher rupture strength and lower elongation, in comparison
to heat 837, were partially investigated. The Al+Ti in heat llT1
was 3.81 percent. This is sufficiently higher than the 3.67 percent
Al+Ti in heat 837 to account for most of the increased creep resis-
tance, although the higher boron content of heat llT1 would also
favor high creep resistance. Constant temperature tests at 1600°F
resulted in more microcracking than was observed for heat 837. X-ray
diffraction of a residue from a specimen exposed under stress at
1600°F for 30 hours showed a significant amount of M23C6 as well as

the expected M6C. It is assumed, in view of previous discussions,

that the M C probably precipitated in the grain boundaries during
23 6

testing and nucleated more cracks than occurred in the larger heats
with only M6C carbides. The elongation was, therefore, reduced.
The exclusion of M C from the grain boundaries by overheating to

23 6
2000°F would account for the increased elongation. Elongation
changes, however, had a small effect on rupture time due to the high
total elongation at fracture. It is assumed that M23C6 formed in
heat llT1 because a high constant temperature of working (2150°F)
dissolved some of the M6C. This reprecipitated at lower tempera-

C .
tures as M23 6

!
There was no evidence in the data to indicate that the V

reaction in the laboratory heat was any slower than in the larger

heats during coolln_ from overheats to 2000°F. The cooling curves
from overheats to 18OO°F exhibited no halts indicating that the V'

was not dissolved, as was the case for the larger heats. The

apparently anomolous response of the ductility of heat llT1 after
overheats to 1800°F was not studied. Either the one test was not

typical or some other factor was involved.

Role of Molybdenum. - The original intent of the laboratory heats
was to clarify the role of molybdenum. Early in the investigation,
it appeared that high Mo might be the key to increased rupture time
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from higher temperature overheats. By the time the results from
the laboratory heats became available, the progress of the struc-
tural studies on M252 and Inconel 700 was pointing to what seem to
be adequate explanations. For this reason, no further attempts
were made to study the role of Mo.

So far as this investigation is concerned, it appears as if
the main effect of high molybdenum, such as the l0 percent in M252
alloy, is to promote the formation of relatively stable M6C carbides

in preference to M23C6 carbides. The resultant effect on properties
has been covered in detail previously. There may be additional
effects which have not been clearly revealed by the present inves-
tigation. The data indicated, for example, that Mo level may in-
fluence the kinetics of _' precipitation. The primary role of Mo,
as indicated by the present studies, appears to be its effect on
carbides.

Generality of Results

The results of this investigation point to structural concepts
for the types of alloys studied which, in themselves, are more im-
portant than the original limited objective of defining and explain-
ing the varied effects of overheating on creep-rupture properties.

The indication that the relation between y' dispersion and
creep resistance can be approached with the fundamental concepts
developed by Weertman offers a great deal of encouragement to the
possibility of utilizing basic concepts in engineering alloys.
Moreover, for the first time, an adequate interpretation is presented
of apparently unexplainable responses to heat treatment. For instance,
in earlier studies of Udimet 500 alloy (ref. 5), aging was found to
have little effect on the rupture life at 1600°F. It now seems
clear that this was due to the insensitivity of creep resistance to
_' dispersion to be expected for the volume fraction of _' in that
alloy. Alloys with lower a_ounts of Al+Ti, however, had been found
to be quite sensitive to aging, as the analysis in this reportwould

predict, for the smaller volume fraction of _' and the consequent
sensitivity to _' dispersion. The fact must be kept in mind, however,
that while the sensitivity to _' dispersion increases for lower
levels of Al+Ti, the attainable strength levels and maximum service
temperatures also decrease.

The results also show that the major effects of the complicated
solution and aging treatzents which have been developed in engineering
practice for the higher Al+Ti alloys are related primarily to control
of ductility. Apparently, these treatments operate mainly through
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effects on carbides and their influence on crack initiation and
growth.

The data supporting the geometrical aspects of the _' disper-
sion are rather limited. They seem adequate, however, to establish
the qualitative effects with considerable confidence. It is recog-
nized, however, that as stress and temperature are changed, the
significance of the geometry of the _' dispersion can also change,
as predicted by Weertman, in accordance with the way dislocations
move under the varying conditions.

The fact must also be kept in mind that the treatment of dis-
persion has assumed spherical y' particles. For higher levels of
Al+Ti, the _' particles are known to become blocky. While the
general concepts developed in the present study may apply, care
should be exercised in their use under these conditions. Also of
importance is the fact that in complex materials, other factors
than the _' dispersion operate to establish the overall strength
level. The changes in strength resulting from changes in dispersion
of the precipitate will be superimposed on the inherent strength
level of the material.

In so far as the effects of over1_ating are concerned, the
qualitative effects, as established fol _' and ductility, are be-
lieved to be applicable for a wide range _f alloys and conditions
of exposure. The problem is reduced to de_ermlning the details as
they apply to each specific alloy and expo_are condition. In this
respect, attention is directed to the fact that the results in this
investigation were limited to overheats without stress from 1600°F
for two alloys. 0nly one schedule of overheating was used and the
tests were limited to one stress at 1600°_ for each alloy. Quali-
tatively, the results explain tests at 1500°F and for other stresses,
as reported in reference 3. There seems to be every reason to ex-
pect that they apply to other alloys of the same type with suitable
modification for the details of composition and test conditions.

Previous work (ref. 3) demonstrated that, to a first approxi-
matlon, the influence of stress during an overheat can be estimated

by the addlbility-of-life-fractions rmLe combined with data on the
effects of thermally-induced structural changes on the properties at
the base temperature. The two effects are very nearly additive in
most cases.

In general, application of the results of these studies to
prediction of the behavior of an alloy under service conditions
nust be done carefully. The general principles developed should
add to the insight available into many problems. In frequent cases,
however, other effects such as thermal shock may be far more impor-
tant in limiting materials which have suffered overtemperature during
actual service.
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C0NCLUSI0 NS

The extension of creep-rupture life of M252 alloy at 1500°F
through thermally-induced structural changes from repeated brief
overheats to 1900°F or higher was confirmed and extended to testing
at 1600"F. Overheats to lower temperatures either did not change
or slightly reduced rupture life.

Extension of creep-rupture life by overheating to sufficiently
high temperatures is not necessarily typical of all Al+Ti bearing
nickel-base alloys. The rupture life of Inconel 700 was not exten-
ded but was reduced by overheating above 1800°F. Overheats to
1800°_ did not affect life.

The rupture life of M252 was improved when overheating preven-
ted the deterioration of creep resistance characteristic of normal
creep rupture tests. Improvement in life was caused by the solution
and reprecipltatlon of _" preventing the agglomeration and decrease
in amount of y' which occurs under constant temperature conditions.
This was possible due to the very high reaction rates for solution
and precipitation of y' in these alloys.

In Inconel 700 alloy, the prevention of agglomeration and de-
crease in amount of _' did not affect creep resistance. Rupture
life was reduced in this alloy as a result of a reduction in ductility
for overheats above 1800°F.

The influence of the dispersion of _' decreases as the amount
of _' present is increased. For the volume of Y' present in M252
alloy, creep resistance depended on the dispersion of the _' while

' !

it vras nearly independent of the dispersion for the volume of
present in Inconel 700.

The role of _' dispersion was clarified by using Weertman's

equations based on dislocation theory for creep in a metal con-

taining a dispersed phase.

The demonstration of the role of _' dispersion in creep resis-

tance should have wide applicability in the explanation of many
features of the physical metallurgy of such alloys.

The measured amount of _' in both alloys decreased during ex-

posure at 1600°F. In addition, the amounts measured when the par-
ticles were small were larger than would be expected at equilibrium.
Whether these effects resulted from a spurious etching effect when

the particles were small, or from non-stoichiometric precipitation
of the _' could not be determined with certainty.
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Fracture in the rupture tests occurred by nucleation of micro-
cracks at carbides in the grain boundaries and their subsequent
growth. In M252 alloy, overheating did not significantly change the
carbides, due to the high solution temperature of the M6Ccarbides

characteristic of this alloy. In Inconel 700, overheats to 2000°F
or higher dissolved the characteristic M C carbides due to their

23 6
relatively low solution temperature and prevented them from forming
in the grain boundaries. The resultant clean grain boundaries were
subject to very rapid crack growth once a microcrack formed thus
reducing ductility and decreasing rupture life.

The results indicate that the type of carbide present in the
grain boundaries was not important. The size, shape, and distribut-
tion of the particles controlled their effect on microcracklng.

The interrelations between creep resistance and mlcrocracking
are applied in the report to the fracture of both alloys.

Apparently, the primary effect of molybdenum in M252 is to
make M C the characteristic carbide. The occurrence of sigma phase

6
as a result of high molybdenum in the presence of increasing amounts
of Al+Ti causes low strength.

University of Michigan,
Ann Arbor, Mich., September, 1961.
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TABI.E II

RESULTS OF TESTS ON M252 ALLOY

Ileat

Num be r

837

837

837

HT-28

HT-28

Base Conditions

Ternpe rat u reTemperature Stress

(:F) (psi)

18oo Ill i5,ooo
20,000

25,000

30,000

30,000

30,000

34,000

1500 (2) 34,000

33,000

33,000

32,000

ZZ,O00

33,000

33,000

33,000

33,000

33,000

1600 (2) 27,000

18,000

18,000

18,000

18,000

18,000

18,005

18,00C

18,000

18,000

18,000

18,000

18,000

18,000

18,000

18,000

18,000

18,000

18.000

18.000

1500 (4) 21,000

24,000

24,000

26,500

26,500

30,000

34,000

34,000

34,000

35,000

34,000

34,000

34,000

34,000

34,000

34,000

34,000

34,000

34,000

34,000

1600 (2) 20,000

20,000

20,000

20,000

Overheat Conditions

Number of

("F) Cycles

1800 17

1800 |0

ZOO0 24

ZOO0 10

2100 20

12

10

6

3

27

10

10

5

20

10

10

5

i8

11

7

10

9

5

30

15

30

15

10

10

1800

1800

j800
1800

2000

2000

2000

2000

Zl00

ZI00

Zl00

2100

1650

1650

1650

1800

1800

1800

1900

1900

2000

2000

1800

2000

Time

(hr)

644.8

251.7

153.8

49.9

61.6

62,7

38.2

60. 1

75.9

81.7

94.0

427. 0

86.7

77.0

11.I, 3

98.5

125.9

11.0

71.

75.

8g.

88.

91.

97.

50.

73.

50.

73.

76.

137.

98.

"50.

88.

138.

100.

50.

Q2,

736.O

573.9

450, 4

356.0

317.8

207. 7

105. Z

81.6

79. Z

70.9

84. 9

54.8

50.6

52,7

48.1

68.2

181.6

137.3

211.3

170. 9

112.4

109.4

89. 4

134.7

Rupture Data

Reduction oi

Area (%)

Elongat Ion

(% in 1 inch)

47 58

36 54

39 47

36 49

38 48

47 58

40 50

Z8 43

38 39

38 45

37 42

34 46

19 45

27 42

12 16

36 42

26 37

38 45

9 34 50

4 47 51

5 48 53

3 52 54

5 46 57

0 45 54

0 (Interrupted test)

8 25 55

0 (Interrupted test} (3)

t 38 39

7 48 53

7 40 33

} 43 47

0 (Interrupted test) 13)

2 46 47

6 41 39

4 35 38

2 {Interrlmted t_t)

7 40 50

61 62

39 61

46 55

36 59

40 56

43 58

45 54

49 58

41 55

26 41

57 49

34 42

28 44

22 27

25 37

38 52

23 45

35 53

16 5O

25 46

56 64

78 64

28 62

56 51

1) Data from ref. (1}. Material rolled from 1950°F, solution treated 4 hours at 1950_F. and aged at 1400"F

for 15 hours.

(2) Material rolled from Zt50°F, solution treated 1 hour 2150°F plus 4 hrs 1950_F, and aged at 1400"F for

15 hours.

(3) Interrupted test conditions at which two tests were exposed.

(,t) Data fron_ ref. (1). Material was roiled lrom ZI50°F, solution treated 4 h_,urs at 1950°F, and aged at

1400°F for 15 hours.
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TABLE III

RESULTS OF TESTS ON [NCONEL 700 ALLOY

Bar Sample

i_ o

i D

I

17 ! (2

19[

19 C

20 i D

z0 C

z0 B

21 B

23 13

1

24 D

Z5

Z5 13

11 A

lz 13

13 13

t4 A

14 13

14 D

15 C

15 D

15 13

16 A

16 g

18 A

19 A

19 P_

20 A

ZZ C

D

_'t C

Z_ D

23 A

Z4 C

24 B

24 A

_5 A

25 C

Z5 D

50 A

50 C

50 D

50 B

50 F

5o _50

5i C

51 A

51 D

13ase Conditionl

Temperature Stress

('F) (pall

1500 34.000

1500 40,000

1500 4LO00

1500 45.000

1500 43,000

1500 43,000

I500 43,000

1500 43,000

1500 43,000

1500 _ 43,000

1500 43,000

1500 43,000

1500 43,000

1500 43,000

1500 43,000

1600 20,000

1600 g8.000

1600 29.000

1600 29,000

1600 Z9,000

1600 29,000

1600 29.000

1600 29,000

1600 29,000

1600 Z9.000

1600 ggm000

1600 25,000

1500 ] Zq,000
1600 i 29,000

:600 i 29,000

1600 i 16,5001600 29,000

1600 29,000

1600 29,000

1600 29,000

1600 _9,000

1600 29,000

1600 29,000

1600 29,000

1600 zg,000

1600 29,000

1600 29,000

1600 29,000

1600 zg,000

1600 29.000

1600 _9,000

1600 29,000

1600 29,000

1600 29,000

1600 29,000

i600 29,000

1600 19,000

Overheat Condlh ons

Temperature N_x be r of

('F) Cycles

Z000 4

1800 13

1800 10

2000 7

Zl00 4

1800 t0

Z000 6

1800 14

2000 6

ZOO0 12

2100 11

_000 3

i 2100 6

i 2100 3

i - -

2000 6

2000 3

1800 7

ZI00 3

I

1800 8

2100 5

2200 4

Rupture Data

Time

(h r)

803.5 II

208 7

12_.6 6

44.5 4

92 Estimated (l)

18.6 3

80 Estimated {l}

71.8 4

70.7 6

34. 5 1

18.5 2

I29.5 7

b5.4 6

10Z Estimated (11

304.8 4

,33.0 18

i03,6 I6

54.7 i0

89.2 17

69.5 10

30. 0 (Interrupted

90.0 I 18

30.0 (Interrupted

55,7 4

83.8 14

53.1 4

229.1 13

76.6 13

63,1 8

6Z 7 I0

977, 3 8

34. 5 4

65.4 13

79.4 8

71.8 13

53.8 8

33.7 4

35.2 3

73.6 12

78.9 14

62.5 9

50.2 12

490 13

47,9 iZ

45.7 12

44.9 9

25.4 3

32.5 4

86.8 13

83.1 15

72.9 19

65.6 15

Elongation Reduction of

(% in I inch) Area (%)

12

10

9

2

5

4

5

2

Z

12

7

7

21

22

10

22

15

teat)

L0

teat)

8

Data not available

5

17

20

I]

14

10

5

21

14

16

14

4

5

Z0

15

15

14

13

15

15

11

6

6

15

iq

18

18

(]) Values estimated from data at 1600°F Range in time at 1500°F and 43,000 psi estimated to be
60 140 hours¸
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TABLE V

SUMMARY OF FRACTURE VARIABLES

INCONEL 700 ALLOY

Bar

15

50

20

23

25

15

14

22

24

14

13

24

15

Sample

D

D

A

C

A

C

B

D

A

D

B

B

B

23 A

25 D

50 G

23 D

16 B

Overheat Conditions

Temperature Number

(°F) of Cycles

1800

ZOO0

ZOO0

2000

ZOO0

ZOO0

ZOO0

2100

2100

2100

2100

2100

Rupture

Time

None

None

None

None

None

None

14

3

3

6

6

6

II

3

3

5

6

ll

30i (I)

48

63

65

74

90

7O

34

35

30I

55

34

56

72

63

25

79

53

Time

after

Last OH

30

48

63

65

74

9O

<I

19

Z0

0

25

4

1

57

48

<i

49

<i

No. of Cracks

per 0. 002 in2

4

87

24

17

16

32

28

6

<4(z)

8

2

<i (z)

zz

19
<i (2)

(i) "I" indicates test interrupted at indicated time.

(2) Samples in which few, if any cracks could be found other than the

fracture itself.
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TABLE VI

X-RAY DIFFRACTION DATA FROM RUPTURE SAMPLES OF M252 AND INCONEL 700 ALLOYS

(Anaiyse_ from residues extracted from rupture samples with bromine)

Alloy

MZ52

Inconel 700

Measured Values M6C o

d {hkl} Intensity ao= 11.00A

3. 30 vw X

3. 17 vw X

3. 12 vw

2.74 mw X

2.70 mw

g. 52 m X

2.48 m

Z. Z4 ms X

g. ZI ms

Z. lg vs X

g. 08 vs

1.94 m X

1.915 m

1.83 mw X

1.81 mw

1. 655 w X

1. 635 vvw

1.54 mw X

1. 5Z mw

1.43 mw X

i. 405 mw

I. 345 mw X

i. 326 mw

1. 297 s X

1. 279 s

3. 64 vvw

2..65 v-w

2.49 s

Z.45 w

2.. 39 mw

Z. Z3 vvw

Z.16 s

g. 1 g n_w

Z.05 m

1.88 w

1.80 mw

1.77 vvw

I. 69 vw

1. 665 vvw

1.61 vw

i. 525 ms

1. 50 mw

Identification of Measured Lines in Pattern",-"

M6C'

ao=10.85A hkl

X 311

}ezzx

)4oo
x

x }331

}42z
X

}440
X

x }600

X }533

}444
X

)731 or
X " 553

}733
X

x }66o

M2.3C 6 o

ao=10.65A Ti(C, N)

X

(x)
X

X X

X

X

X

X

X

X

X

X

X

CrzO:

X

X

X

* Check (X) shows that measured line corresponds to data from the literature for the indicated phase.
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TABLE VIII

SUMMARY OF FRACTURE VARIABLES

M252 ALLOY

Overheat Conditions

Temperature Number

(°F) of Cycles

1800

1800

2000

2000

None

None

Rupture

Time

i0

12

i0

27

50i (z)

97.0

50I

73.8

50I

137. 7

No. of Cracks

per 0. 002 in

6

61

16

93

5

64

No. of Depl G. B. (I)

per 0. 002 in 2

160

350

2O

(i) Grain boundary depletion could not be measured quantitatively in

fractured specimens.

(2) "I" indicates test interrupted at indicated time.
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TABLE X

X-RAY IDENTIFICATION OF SIGMA PHASE IN HEAT 1172

{Analysis of residue extracted with hot aqua regia from rupture sample)

Measured Values Identification of Measured Lines::_

d (hkl) Intensity Sigma Cr203 A1203 TiC

2.47

2.39

2.29

2.15

Z.09

2.06

2.04

1. 995

i. 955

1.91

1.855

1.815

1.79

vvw

w

mw

ms

m

m

m

ms

ms

ms

vvw

vvvw

mw

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

-l_Check {X) shows that measured line corresponds to data from

the literature for the indicated phase.
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Figure I. - Photograph showing creep-rupture unit modified for use in

overheating by resistance heating.
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Variable
Resistance I

Alumel< ]

Rupture

jSample

A

-I

Chromel

Recording
Potentiometer

Figure 2.- Schematic wiring diagram of the system used for measurement of

temoerature during overheats to avoid extraneous emf from heating
current.
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Apparent contact
--I

P -I

Actual contact

Plane of polish

Plane of etch

Figure 4. - Schematic representation of the cause of error in measure-

ments of the contact area between a spherical particle and the sur-

rounding matrix after etching the matrix below the plane of polish.

I ....

Case B

R Case C

e _ j Case O
ir r

Center of sphere

Figure 5.- Representation of four cases into which spherical particles

were grouped for calculation of the error in measurements using

lineal analysis. (e = depth of etching)

Center of sphere

Figure 6. - Diagram illustrating the variables employed in computing

the mean radius of the circle cut by sections polished in a random

array of spheres.
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Figure 8. - Representation of one face of a face-centered cubic ceil,

aellnlng the variables used in the calculation of inter-particle spacing.
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O

O

Rolled from ZI50°F, solution treated 1 hour at Z[50°F plus 4 hours at

1950°F, and aged 15 hours at 1400°F; air cooled from all treatments.

Rolled from 1950°F, solution treated 4 hours at 1950°F, and aged

15 hours at 1400°F; air cooled from all treatments. (Data from ref. 3)

Rolled from 2150°F, solution treated 4 hours at 1950°F, and aged

15 hours at 1400°F; air cooled from all treatments. (Data from ref. 3)
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. 1600. F
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Rupture time, hr

! i '
! , i

----i i

!

1
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i

i ]
6O0 8O0 I000

40XIO 3
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(a) Heat 837.

n

2O
Ih
m

P

IO_ t 6o

i I
1500,, F

i

f
t
I

40080 I00 200 600 800 I000

Rupture time, hr

(b) Heat HT-28.

Figure 9. Curves of stress against rupture time at 1500 ° and 1600°F

zrom normal rupture tests on the two heats of M252 alloy used in the

investigation, showing at the stresses used for overheat tests, the

ranges in rupture time predicted by the available data.
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(a) Heat 837, as heat-treated.

Xl00 X1000

(b) Heat 837 after rupture testing at 1600°F and 18,000 psi.

Interrupted at 50.0 hours•

Figure 14.. Microstructures of M_52 heats after heat treatment a:

after rupture testing at 1600°F.
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(c) Heat HT-28, as heat-treated.

El00 El000

(d) Heat HT-28 after rupture testing at 1600°F and 20,000 psi.

Rupture time, 109.4 hours.

Figure 14. _ Concluded. Microstructures of M252 heats after heat

treatment and after rupture testing at 1600°F.

9Z



Overheat Temperature,
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(a) Heat 837 tested at 1600°F and 18,000 psi,

i
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(b) Heat 837 tested at 1500°F and 33,000 psi.

Figure 15. - Effect of number of overheats on the rupture tin:e of M252

alloy for the overheat temperatures and base conditions indicated.

Overheats were of two minutes duration applied every five hours from

the beginning of the test.
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(d) Heat HT-28 tested at 1500°F and 34,000 psi. (Data from ref, 1 ).

Figure 15. _ Concluded. F_ffect of number of overheats on the rupture

time of MZ52 alloy for the overheat temperatures and base conditions

indicated. Overheats were of two minutes duration applied every five

hours from the beginning of the test.
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(d) Heat HT-Z8 tested at 1500°F and 34,000 psi. (Data from ref. I .

Figure 16. _ Effect of number of overheats on the elongation at fracture

of MZ5Z alloy for the overheat temperatures and base conditions indi-

cated. Overheats were of two minutes duration applied every five hours

from the beginning of the test.
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Figure 18. _ Comparative creep curves at 1600°F and 29,000 psi for

Inconel 700 alloy for the indicated test conditions. Solid points

indicate period of application of overheats. Sample number, number

of overheats, rupture time, and elongation at fracture indicated for

each curve.
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Figure 19. _ Rupture time against elongation at fracture for tests on

Inconel 700 alloy at 1600°F and zg, 000 psi under the indicated test

conditions. Specimen numbers indicated for each point.
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(a) Bar 14, as heat-treated. Rupture time 88-90 hours

at 1600°F, 29,000 psi.
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(b) Bar 50, as heat-treated. Rupture time 45-50 hours

at 1600°F, 29,000 psi.

Figure 21. - Microstructures of Inconel 700 alloy after heat

treatment and after rupture testing at 1600°F.
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Figure ZI.. Concluded. Microstructures of Inconel 700 alloy a_ter

heat treatment and after rupture testing at 1600°F.
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Figure Z2. _ Effect of number of overheats on the rupture time of Inconel

700 alloy for the overheat temperatures and base conditions indicated.

Overheats were of two minutes duration applied every five hours from

the beginning of the test. Bar number indicated for each overheat test.

Overheat results compared to normal test from same bar wherever

possible.
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Figure 22.. Concluded. Effect of number of overheats on the rupture

txme of Inconel 700 alloy for the overheat temperatures and base con-

ditions indicated. Overheats were of two minutes duration applied

every five hours from the beginning of the test. Bar number indicated

for each overheat test. Overheat results compared to normal test

from same bar wherever possible.
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Figure 23. _ Effect of number of overheats on the elongation at fracture

of Inconel 700 alloy for the overheat temperatures and base conditions

indicated. Overheats were of two minutes duration applied every five

hours from the beginning of the test. Bar number indicated for each

overheat test. Overheat results compared to normal test from same

bar wherever possible.
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conditions indicated. Overheats were of two minutes duration applied

every five hours from the beginning of the test. Bar number indicated
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from same bar wherever possible.
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(a) As heat treated (b) 4 hours

(c) 50 hours (d) ZlZ hours

Figure 24.. Micrographs of MZ5Z (heat 837) samples exposed with-

out stress at 1600°F for the indicated times. Samples received

standard heat treatment prior to aging• (Xl 1,000)
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(a) As heat treated (b) 4 hours

" @

(c) 48 hours (d) 212 hours

Figure 25.. Micrographs of Inconel 700 samples exposed without

stress at 1600°F for the indicated times. Samples received stan-

dard heat treatment prior to exposure. (X11,000)
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Figure 26. - Effect of time at 1600°F on the average size of the ¥'

precipitate particles in M252 (heat 837) and Inconel 700 alloys.

Materials received the standard heat treatments prior to exposure

to 1600°F except as noted.
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O Material with standard heat treatment- Unstressed exposure
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Figure Z7. Effect of time at 1600°F on the number of y' precipitate

particles in M252 (heat 837) and Inconel 700 alloys. Materials re-

ceived the standard heat treatments prior to exposure at 1600°F

except as noted.
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O Material with standard heat treatment- Unstressed exposure
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Figure Z8. _ Effect of time at 1600°F on the average distance between

the ¥' precipitate particles in M252 (heat 837) and Inconel 700 alloys.

Materials received the standard heat treatments prior to exposure to

1600°F except as noted.
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(a) Normal rupture test (b) 10 overheats to 1800°F

(c) 10 overheats to 2000°F (d) 10 overheats to Zl00°F

Figure 30. - Microstructures of M252 alloy (heat 837) after 50 hours

at 1600°F under 18,000 psi. Tests interrupted after 50 hours

under the indicated conditions. (Xl 1,000)
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(a) Normal rupture test

(b) 6 overheats to Z000°F

Figure 31 - Microstructures of Inconel 700 alloy after 30 hours at

1600°F under Z9,000 psi. Tests interrupted after 30 hours under

the indicated conditions. (Xll, 000)
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(a) Normal rupture test - 62.7
hours

(b) Test overheated 14 times to

1800*F - 69.5 hours

(c) Test overheated 12 times to
_000°F - 55.7 hours

(d) Test overheated 11 times to

Z100°F - 53. 1 hours

Figure 3Z. - Micrographs from completed tests on Inconel 700 alloy

samples under 1600°F and Z9,000 psi. (Ell,000)
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(a) 1700°F (b) 1750°F

0

• _ •

....

) :

(c) 1775°F (d) 1900°F

Figure 33.. Microstructures of M252 (heat 837) after 4 hours at the

indicated temperature followed by ice brine quenching. (X11,000)
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(a) 1800°F (b) 1900°F

O

(c) 19ZS°F

Figure 34. _ Microstructures of Inconel 700 after 4 hours at the

indicated temperature followed by ice brine quenching. (X11,000)
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Figure 35. - Effect of temperature of four-hour solution treatment on

hardness of M252 (83v) and Inconel v00 alloys. All samples iced-

brine quenched after treatment.
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Figure 36. Effect of TidAl content on the temperature for solution of

y' in four hours i_ Ihe experin_ental znaterials and on the temperature

at which halls appeared in the cooling curve from an overheat.
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(a) 4 hours at 1600°F (b) (a) plus Z minutes Z000°F

(c) (b) plus I0 minutes 1600°F

Figure 37.. Micrographs showing the effect on MZ5Z (heat 837) of a

two-minute exposure to Z000°F and the subsequent reprecipitation

of the _/' at 1600_F following such an exposure. Samples quenched

in iced brine following indicated exposure. (Xl i, 000)
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Figure 38. - Portion of cooling curve for MZ5Z (heat 83v) from an over-

heat to 2000°F, showing halt in curve.
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Figure 42. - Relation between creep rate and Weertman's dispersion
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o" = stress

k = inter-particle spacing
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Figure 43. - Diagram of the phase boundaries for the ¥-¥' reaction in

M252 (heat 837) suggested by the present work compared with those

of Betteridge and Franklin (ref. 8) and of Taylor (ref. 10).
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Figure 44. - Diagram of the phase boundaries for the ¥-_' reaction in

Inconel 700 alloy suggested by the present work compared with those

of Betteridge and Franklin (ref. 8) and of Taylor (ref. 10).
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(a) XIO00

{b) Xl 1,000

Figure 45. - Micrographs of Inconel 700 alloy sample after rupture

test at 1600°F (rupture time 6Z. 7 hours) showing ¥' depletion and
an associated rnicrocrack.

136



(a) Optical micrograph showing nearly complete absence

of grain boundary precipitates (XlO00)

(b) Electron micrograph of grain boundary area from (a)

in which some carbide precipitate remained (X11,000)

Figure 46. - Micrographs of Inconel 700 alloy sample after 12 over-

heats to 2000°F showing the virtual absence of grain boundary

precipitates.
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(a) XlO00

L =.

(b) XI i, 000

Figure 47. - Micrographs from Inconel 700 sample which continued

for Z4 hours to rupture after completion of six overheats to Z000°F

showing the reprecipitation of grain boundary phases.
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(a) Standard heat treatment (b) Normal rupture test.

Interrupted after 50 hours

%,

s

¢

(c) Test overheated 10 times to

1800°F. Interrupted after 50

hours.

(d) Test overheated 10 times to

Z000°F. Interrupted after 50
hours.

Figure 48.. _£icrographs of MZS2 samples showing that carbide dis-

tribution was unaffected by either normal or overheat testing.

Darkened matrix areas in (b) and (c) i_dicate presence of large

particles of ¥' precipitate. (X1000)
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Figure 50. - Rupture time and elongation at 1600°F and 16,000 psi as a

function of number of two-minute overheats for laboratory heat 1173.
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(a) Heat 1173 - 5 minutes (b) Heat 1173 - 10 minutes

(c) Heat 1173 40 minutes

Figure 51. Representative electronmicrographs for heat 1173,

MZ5Z (heat 837), and a heat of commercial Waspaloy after ex-

posure to Z000°F for 2 minutes and rapid cooling to 1600°F.

Samples ice brine quenched after the indicated time at 1600°F.

(Xl I,000)

14Z



(d) M252 (heat 837) - 5 minutes (e) MZ52 (heat 837) - I0 minutes

(f) Waspaloy - 5 minutes (g) Waspaloy - I0 rranutes

Figure 51.. Concluded. Representative electron micrographs for

heat 1173, M252 (heat 837), and a heat of commercial Waspaloy

after exposure to 2000°F for 2 minutes and rapid cooling to 1600°F.

Samples ice brine quenched after the indicated time at 1600°F.

(XlI,000)
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Figure 52. Rupture time and elongation at 1600°F and 20, 000 psi as a

function of number of two-minute overheats for laboratory heat 1172.
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\

(a) After heat treatment

4,

tl

++-;:+++;+,+-++

+" I_ , +.L_-++_+"
• _It+ " • + _+++.+

+, " + ++ +_" O"

• 'i ..... -+ +

(b) Rupture test interrupted at

50 hours

+,

• ._._,_:.-._

%

(c) Interrrupted at 50 hours after

10 overheats to ZOOO*F

(d) Sample run to rupture (94.3

hours) after receiving 10 over-

heats to Z000°F.

Figure 54. _ Microstructures of heat 1172 showing effect of overheating

to Z000°F on formation of sigma phase. Tests at 1600°F and Z0,000

psi. (X4500)
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Figure 55. - Rupture time and elongation at 1600°F and 20,000 psi as a

function of number of two-minute overheats for laboratory heat ll71.
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(a) Normal test

• @

(b) I0 overheats to 2000°F

Figure 57. - Micrographs of heat 1171 after 50 hours under 20,000

psi at 1600°F and the indicated test conditions. (X11,000)
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